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ABSTRACT

This is the third in a series of reports describing the work of the

Lincoln Laboratory phased array project. This report covers the

v riod from I July 1%,51to I January 1963. Effort prior to this
time is covered in Lincoln Laboratory Technical ReportL No. 2.8

and No. 236.

The pr'oject effort is directed toward investigation of components,
techniques and the fundamental theoretical limitations of arrays for

high-power high-resolution radar applications.

The range of components investigated includes low-noise F.? ampli-

fiers, stable IF amplifiers, high-power modularized transmitters,
high-speed microwave switches and several types of digital micro-
wave phase shifters. Basic limitations to the power-handling capa-

bilities of semiconductor diodes and strip transmission lines are

heing investigated. Specialized test equipment has been assembled

to aid in components investigations.

Techniques work continues in the area of synthesis and use of low-

loss passive simultaneous multiple beam-forming systems.

A modular electronically steered transmitter has been ac,-d to the
16-element linear test array to replace the original fixed broad-

beam illuminator, anda receiving system using simultaneous beam-

forming techniques is under construction.

Studies of the fundamentals of arrays include consolidation of the
mutual coupling theory and studies of the effects of such coupling

on unequally spaced arrays. The relationship between transmitter

efficiency and transmitted pulsewidth is examined and expressions
are derived for minimizing the cosiL of certain array systems when

the per-element costs are known.

All these activities are guided and directed by continuing studies of
system applications for high-resolution arrays. Since these studies

are classified, they are not reported "°his document.
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PA HT I

INTrilODUC'Tct~y MATFU AL

CHAPTERI j

pnrO.'. r AND REPORT ORGANIZATION

A. INTRODUC'&IN

'l'Iisareport demcribes th,,witvity or [h1i phlasr'r array radar programl of [lhe Sp~jolal Ii&rs
(iroupl of 1, lucoiri I borilloiy f.. he( pvrioil I fily 1 9(1 1 to I JanItary t96.3. This to. the third

summary repor. of this projeri the othlrr two heltig Lincoln lehilornlory Teehnionl;Reports

This report, liIke tihe pait ii lt es, dos c ihos till woil c arried out d tiring th hofsated period

as well art work still In Iprogrkoris. The work IsI repurLecl hil .2nnstldurublu detail, eachq sction 2

being wit ten I y thIe engilaei iirokll oposli for I he invest igat ion. The rrnrllti s In -rerrd

primrIvly for wor'kers in tho ~ I

B. PROJECT PHILOSOPHY

Intprest in phtttned ar'ray radar systemns tite increabd~ over thle pant few yearrtvo' poinlt

whore miodaratte-size., phasifed atiriy riarr tire being dolv~ploped Ity each of thle tlhrd e a'.c. ices,

Problenis enoutner ed I tile (leo 
t
git anrd 0ofl8trUctil 01ot of liS e radars have Made tI/e ne ed fur'

developmentl 0of con ponVIr. t no id IthiIqitea qute t obylotia TPhis prtoject was vocoed to ho i p
nicot t~i need by en11CC trat tog efforts on thie conk-veti I lii design, construct ion qInd 00111im'i

irrprovermetit of cnmpononlsa nd techniques for Phased atrtay radars.

conentn atir tecniue s ingtwell have beero un UILI!vlt-I the coviulprnn ofda

eaIntecotex~t of phiased array radtars suci a project can prodiuce ignifivant results fromn

a Latteely smlall Invst tment of time and mioney. Ttie jumtlfteattonn for this dtateinit live In

the fact thalt While arra:1 radars ert, coamposed of very large nurrbers of dupieatrt parts, only a

few dlitinct. types are itsed. Inst as niroufantitrers of "building b~locks" for digital computers

have, mark( possile the econoinat and speedy cointruction of suchl computers, the development

of crmpooortls for arrays can mlake possible tile rnautrnbty eOL-11oninal and rapid coostrrtrtlon

of array radars. hInd, w1mih the p rcsentt iit eret in "otto- of- a - i ad' arrantys on the part of the

va riouts utsing irgetic0ins, *in effort towarid s tanda rdtiing the coiitotncii I for at'rays may ho t ho

only method for * cal izing the ia as productlion erono tea I (hilt arecni moaly a itribu ted to large

ribrisnd arrrays. Wor example, our studicsa rnd tVeraqatloris With 111ibe rnIfOIaeLrnr iiidieute

that tru in lass p roilti ori eonotrnics are not realz( uI n tit the ran ofactrttIe r r eartieq a oal n cd

piroduitcti on I nyc I on the ordeor of a thlou sand tuibes pu r riotth. Cleairly, a a inigt c array woulId have

to he very Is rge or have a real mna itt etani i problem to cont it m that kttind of prroducrtion.

*J. L. Allen, at al.,' Phosod Array Radar Studier, I July 1959 to I July 1960," Technical Report No. 228 [UJI,
Linicoln Laboratory, M.I1.T. (12 August 1960), ASTIA 249470, H-335,

tJ. . Allen, el - ol., "Phased Array Radar Studies, I July [960 to I July 1961 ,"Technical Report No. 236 JUJ,
Lincoln Laboratory, M. 1. T. (13 November 1961), ASTIA 271724, H-474.
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11P11V, guided by SyS I ta ll tdV rs pilteillt I Ill 14- ,llgu radlar ua505, d0 en mers (if tis
prj arc trytug to l iplt meot thle lleed fox' 'bui lin g 11e6kH fil the construclIoll of high -pow or

Phlisin arra'ly radarsi. i'owalr(I tills oend, !it ncditica on0 the dl ract work in uoinponet desi fi~ nd
dieveilopmelnt, spolitl 'teat flcclitics have boon constructed, 'Ihese facilities nce useid. ito tlvlli~-
lite the var'ious parts Of the "building blocks" tll appropriate environments oVer longri'll e of

'timto and are moditfied zia ofton Ila oceessary to keep ilp with changing pet'anlito"e ill 6omponent

togilde the technique and Comlponlent Clovelom~t npdttnt the syntetssuismn

tioted previously, ai conttnuing progrom of studtERsci the fUnle mentlial theory end limitations of

Ii' rdor to be of mtaximum benefit to thiq tnt iatiall' phaseod array effort, a project,sUcit to~
thjfis is nanlliit i 8 continuous f low 6r In for11a Loion toa and from oto~r workers In atliafy te 0i1hol- I

og , Therefore, members of this pro,lFct a" otnigthi tep o euap s cott
coninin woeir ortepanion ationstl

thi,1 airdlar or by othcr eraizalh nd have encOUPRged others to become flaxnlr thl
th f fort, Publication of reports such es this one represents only one part of the Jffort, in th~i

lV direction, We ntte mpt to maintain personai conieet with other go!,'rnien-rtpporkt a~rrhy
work in thle uot~fttry and encourage workers in bcIl government and. iiiistry to visit! with tia 4rv

Itj tlue Labbrat~ry, Despite the bturden that vuchtvtits Impose ttpen the avealable ti'hne of pote-4
sionrili is ff. t that the resuilts hlive [)een well worth while, and we Intsend t'8 conit uo INt pol. j;t

licylton the flitu%,ci To maximillm the uttity of future meetings, however, it to hopu4ta hm

60' patIn d aendtn with us will fit'ht avail themselves of the background tn'rain o
'ttiier In this ifoport adin TR-ZZO and Tft-06,

C RPOT-CONTENTS AND OR A1TO

,As statec.l In the introduotion, this, Is a progress report, It descres wor both completed

hOnd in roalsduring thle period covered, We have ottempted to discuss all .ol.-.1flrnt work

tlo detail, illditig projects that were unsuccessful wtler, the lack of success woulil be mean
ingful to ottie i's in the field.

*Since tll responsibility for vartous facets of the praovt has been linder.tuken by individt-1

* eniginieers, tt~e report has b en writenby' 'thle people diroetly concerned, with a minimum of

fd~eration on the part' of the editors. To pretmoteo further direct tnterchangle of ideas on the

topics discussed, the authors of indtvidual sb.tionn have been Indicated In ilhe appropriate places,

Where no namne eppoara on ai saction, the aulthor of the next highest division of the report Is also

the author of thiat section,
'The reporL is divided into three ports, The first contains introduetory material and a sum-

mary of the eR~t fncilitiva of tile project. The second purl deals with component slnd technique

development. and is subdivided s11 that cacti chap)ter deals with a major area of development, The_

third part deals with the supporting studies of array fundamentals and limitations. Most of the

chapters in thle report ire preceded by a brief flr of the material contained therein. These

sumlmaries, alonlg with) tile Table of Contents, should serve to acqulainlt tile casual reader with

the over-al] content of tile report and, tlOrlly, will direct the interested reader to the material

of primary concern to him.



CHAPTER 11

TEST FACILITIES

A. LINEAR ARRAY RADAR FACILITY L- Cartlodge!t

Th e r ay r'a6Inr facility described in1 911-228 andtI3 hasben odfdbyth

addition of a tr'ansirlli log nrifay rind njilaternale set of receiving e1Vctlronlc':. This secthin l

lireL of a line feed

l-'MI I il 12, tn aueric a apl(r rofab 15 fedeta, abhor~m ,a ig Wo ~ 'tadao

ar'riI f' fleet-troIs, Ipltdo oall jfotl ln *.. .jjpo fl the d a the

~rr Ndd~o'be ~ Il -~Ahil, been r'epltcd with a, liln of 18 dipole1 j~h~~r vertioly

'ki'ie citr o Iii 0till mountedto In a 55-toot rlgrf4ime, an the rclot of ono,,ot the

Ia(iti 'sim:;- 'Tie transarilttiig array consists df 16 [nodullar'elements, erAchi Of.

Wil M corNaFns a 6UIgitqj diode piraso Ahiftor, ai nduiatorr a power' drlrplifierr a dupiexer and a

mn, niori systemn, The6se modules, Which are water-ooind; are shown ini Fig. 1-3 and ire
domeriipol tit detafi In Part 2, Oh, VI 'They are supplied frUrr4 a6 cetaie wr supply ae

Witen and (rovti!de 5tir 10 kiw of pealk power at a i percent dirty 'ratio at a carrier frequency Of'
900 Mep4'.. Thp trainsmitter describeid in 1"',41-36 is uaerl as an RD' driver, trod 'a video driver

ist instalN d in the airraty control arp.ei ytmdsrbdi~1'3,arcie

jjqc vr 9 4vns:-In addl oI the receiversytmdcrbdi Ebif eevr
system 4jonsisting of a multile beamn-formIng ntl cx, a loW:-leveil beam-sclectiton switch, two

aolid-sti~le receive~r channnels and anl Interpolator subcy~lem,-In being installed. A block diagram

of tis rrcelivor setup insmhown in Fig. 1-4, The beam-forming and beam-arriecion system- is

describeriin detail in Part 2, Ch, 1. Tird'other receiver sections ara des9cribed in Part 2, Oh. IV.

'rho array steering systemn described In 'P11-128i has beven mondificed by the addition of switch

drivers to drive lie litan-selector switch;es.. .

'Test iEquipmeunt;- 'Fhr semiatomnatic teal systemsi decribcl in the tw'o previous Techimocal

iReports have keun modified an, ci urimented. In particular', a centtaized frfecpr~ncy synthesIz er
has buen mirt, arid a distribution oystecm has beeon designed and iF, being cornstrueted, This syn-

(ie ee'iFig. I -5) wilt al low synchr ornizned cotta rent opc rat ion ol 1.1 equrripment In the projvee (see
l'art 2, C'i. VII.

'To osa re that the phase and ampliitude onar sc meals oir lire pulsed liensmitLtervs would be
suffirciently accurate, it Wa 115wclesbSry 'te uigni and bil d a inigh-qualilty mri crow ave bridge.

''il hrirtgr is srown in Fig. 1-6ind ct lcribed in drlalil in Pail 2, Ch. 1.

B. REICEIVER TEST FACILITY

iiecauii (or tlie di ffic ltit a rpt'rionrc:ed iln teal iog iow -noisw eie r e in lice ''oopenl, anl

1j X 14-root ali r'ldcd I'Ci' r iverts room 'as bee' n prcr'e'cd sod i stalieci. Ins ide the sielded



(through wieageIons).

7-

FIg. 1-2. Transmitting antenna mounted t r present

I recelvhrg reflector.

4



F)g 1 -3. Linear tranimnittlng array with 16 moduleli intalledi.
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MONOTULSE
______-INTERPOLATION I)SAYA

Fqg. i-A4 Block diagrin of receiver.



Fig. 1-5. Frequency synthesizer.

044

rig. 1-6. 900-Mcps bridge.



vuci'vtit't A )It'~gr tiitiittit or throtught cectitolls tie 4up)1ivt rot' the injet ion into the ah1iejleit

t'oom or tow -froqoenreI~ WO~vu' atitd locit I 'sli lotoO n tI-sigid voltages from the eCUrtteil-

Izedt fCcrto'ly A yntilvnivi~r. 'his, installation will allow tong-termi itliltttty tes9ts of tow-tintcii

t'ociv er'a to Ito naInd scott aittomltit lt Il Iit relatively inte~r Cevtece-frec em' iron moot. frig-

0 re I-7 shows 8 tIiitinni id itt'nmil tue PH, toget tee with~ It" ti 'ls httttal1 oi forl test porpos50$,

C. HIGH-POWER FACILITY

'The hlighl- powerJ Ill" let t tg fittility tti'tit't'l Ilti l'l12( lis tie Imiigto'iitt'il wvith LACtenctt

'ii ''ptd a trdi nol t' sort ee ttta Is it Hell to a tIiI- th Init l oll itOil (.OorttNIl ittlto! low i'St toe -

le. rarlet, T h')5 lilit ls avc hp in'lg tis cc it aI coti ot tt in ventigiloi of Ilte power-

iaautling c tpah iliaLt of H trill li tie an t microwtixi ecomponets I: toactdittoo, sot'nrvfacilities tinvot

totatil t Ltded Cot' t inItg pMo t c1 It At itt ion I'rlt IJIonat.t LitI wC. Wkl VidiO foilstth aiptlie d. 1"ig-

itte t ,4t shvos a tiighvoittlgt It-st hetieti wiith iltides a sonuu of1 tl1t'ect-ortr'vettt vitngt' th1:1t

I& vatlId le It'llm 0 to 25 Itv, aint tt soi Pe of sltort video ptlilc in ht. cat ik ho vul-tuct fromto 0 t 2 5 1w,

I his h 11(oltJ Iit' d COt' tesignbIeennrtilt's 011(11s ohiuti~ n ii, t igh-voltiige comporinot 'ilt proj -
S ect rc1' clty a~ctqtuirtedt n I0- to 5 0-ki' prtwci' sipynrnoitInorooplex tht clin prtodute ti few

kilowattIs ot ave tagev power t' l ow tity tatitn,, 116oi syste at, whIichu If ilrcsot'ily heilog 4its altel,

* will h litei[ l'it tho teostlIng tr tt'ilniilltitii11110$ titimad ltlghltitt!t' itc atnd [itlo cotopotiouits,

*A cuntt ailiert cooliog writel' syAiett ins 1(00 litallrtIII (Pig. t -9). 'thI system In capaible
Of tittirlg 00XVmi w~a't LtI it'ttt it 5j It' V wIle reatovittg upt to 15 kw of tiant it rntppttns

too f-bo veitndrltoodn voitii g Wiatt'r to I ho lnat urat y rtitlis titter and to tWity-powter riand trais -

iiitt teeISt Citllities isi oredetl.

D. TRANSMITTER TEST FACILITY

Tfe 1 6 rhodalco insititliti liit Itt imat' arrt'ay av it' nlg tested fo' ottettitional ltr, Ili adition,

facilitlies litri nvailalie fot' lit' keooc otperat ion of itiill C otta tiilte of t~w 9110-Meprt tisrasitlter

titrllti , 'lhea e fcilitiris inctietti' citmlte tt'H itt t'tl i'Ht vs ilti itomto y loasst nitri mesi tg

OrIt]1itlti'ot. IMocIl1ttlltti (t'tvc, Ill"' rlII', I~c t~Ite maitt cooling witer aee sttpp)il ft'oto thtosom

Hsrto i that supptly [la ti'aiitntittiig tla'itiy. 'this~ SGoLIP RtiwS tittirltiti tt IM itipuit'et, mortified

0, t'tidjuLtucl Ii ail enitvtiitit Owl',ex rntelird toi( he 10 0Whticit thiey u hlre-lenten

E. POWER SUPPLY AND DISTRIBUTION

A er'attt'ntized iioia'i sutpply, ttastt'liitlira titidl cotiiol syt/ltm (IFig. 1- to) Cot' atl tthe tent ttt't'ny

electrtattls tas tie.r 'it ii mI' di S itie nr' 1 pecial effrtt has lberen exit nd tiroI siod cii izr' the

vitttges, approx i tInttMAY 201 litft oint Dc' voltagell ae toteqP it [to ittirttr ttt exit ng equtipiint.

Ill hritus so Ilint they aot' avtt ilhlt' t'ttsriitiy veraywtiit-ii' ill( tti' nrty il/i, A "s antI ted" V'on-

tt'rt tletP ait l t qmlt witi ttavce n tt'tcivesliipt' so that oily tor themt' voltages ean te .'tttlltzd



* ,Fig. 1-7. Receiver test setup Inshillec iIn the shielded room.

Fig. 1-8. High-voltage test bench.



Fi,1-9. CooIng water rrncirculator and heat exchianger,

-Om

Fig, 1-10. Linear test urroy power controls. -.. ~ Q



F. PH1ASED~ ARRTAY RECEIVER OPERATION ,.i~o

Hep' T t jui'iyiiiiat-t 1 (ii1Hit' llti u Wlc (IIIT itt!i NS1Wt I oIa tIl lig iIIa the o 'etutti df whi , I lasts

tu ttliiln owl, 6000 lti's ii'l'iu Iuttl(Ianp'ttifeIo o ,catikaedslv'

u'I I tI 1. 0S 0 I 'Da Ia If I I 1ii 11 ,in (1 i 11iii t *I at Q, I aa t v 1 pautiei I q (Itw',,i aiii eii(,)'1tttt 17 iinh y fa' I 0i
th cuaIc'' t'nn-!it pao idesIcti'u anpL1 0"C1i ii'tt ah Wt'nci'a He iLOat' tII(J phiue and OfW pi V.IIaa tat it

At it uvitlia'iti'u reportu rilltitt dwihuve oi-v IIpl'nttrca'ui.i'- Iltll e

G. TYPICAL STABILITY A. .1. Filla

1. The Test System

''ii testt ilyulat ihi'iie'itic iti 'i' -2 36i is filt itolgitl pit I, t ill' pituuuuHIii il'I'li) I lii tit *'

Otto (If tit'v uILIy fiItiii[n it u Lue 1citt ty ti' I tilte tesltlag aof phleii Ii'Lly notiupnuneits foi- long.

Of Lim funtnu,
seve ii onn00-litape btiianced ri xi'erswe ic inlet i tied an rain tChfuimici1 uuOf' tlhe to it il k ilt ltho

tymtern. 'ihV litiquc toey itytttitei'it pplited apirp tft at signal aind meal nit ci lit' llnptii ti to

11o individual ciiilime ouich at' which, front liuti to oultt, cautnsied tfhu 900-Mops SAGiH
bulItieed inixeru, t i d banid 30- M cp trattelstai sd ]V" a nip ii tat, at 2-Mops t rnEit eail oiZl Call -

vortv ui' Inn a -Mi etintil a-niutplilide piase etifer ClT' he finso shifter was reqiredot far initinl

asitting of pitimeliCttit uintplitide level'si

TABLE 1-1

AMPLITUDE LEVELS TAKEN AT ONE CLOCK TIME
(25 June 1962, 1208:00)

Amplitudes of various input signals Li -0. 236 12 -0. 345 L3 -0. 379 L4 -0. 539

Output amplitudes
(0. 02 volt I db) Al +0. 169 A2 +0. 167 A3 +0. 169 A4 +0.170

Output phtase.
(0. 05 volt i)P1 -0.013 P2 -0. 013 P3 -0. 017 P4 t0. 004

ftcL 2-Nlp tL't'1 tpl.iitIout eaicl tchutitl werte ten fed ito Lilt-' IV' -itillet, which -iattitli'u

tll! twtL~iiit ir tacit cliaiiur' attd ewoitvcll cr it ito~ a zott-kIiu signal. nrtIc 2a0-kctis samnplv'd signal

wat, liw't appltii L tte tyskuui'-utl'iiiautitaratic ituase rnt'Lt' anid ailsoto In carinieria AC'-Ln-DC'

i,onvrlci. 'Tie D)C vwltagcit. wich wi't't' proporitionaiittl t i lt' jlulitlt' tiad uitijt)IlRtIii leVel Of Ueh

iltittnIne'l i w ,510 tititi 'ito, fot' 'iii id bty Lii' fUoirnatte dta piiet. 'The, alitcoi ati' dtaa

pitulthi alsto watt limto ailir' the IF" utaipt(i' ku Liii itt icluuuiit for' anilhitri riaing. Altiut,

*1iH. leele, "Operational Chuaracteristici of 16 Electron-Beam Parametric Amplifiers in a 9.1 Mcpi Phased
Array," 41 G-1i I Ul , Lincoln Laboraory, M.I1.T. (6 Attguut 1962), ASTIA 288223, H-444.



Ny it1 1i 4i itItviaIiii l i, hn, nmli it tll - vei' of thll :,igiil aal liciti OSi-illnta oi HOPOCc were' aloe

ucce 11il A Pno upli' 01' tu outpuit iLco u tnktcm at onec, ehi cIti e jashowne in 't'hle t-1. lea I-

ings may he tanI nlitonativally at livesit tnt ervata4 (if I minte to I hoite.

A vomlilteilwpoguvin was \vtritlen tthat calculates tie unis ,vvmiirt a Het, (i individual channel

tii'oiii. 'Thv datta were iiti'Uil on1 HiM C3ALIHi and IPuOceaae;t (F~igs, 1-1 1I 'ind 1~ 12). l'igiit I -A

is it plot1 of insm phase and amnplitudie vs ti1niv, F igure I - 12 is a plot of thet- phases and a mpl itues
Of [ite 4 Clinii n el Compnipaed with each oil-ir A a hiocl ion of time, Finsally, F~ig. t-11, which was

doeby 11a11(t is ri pl(,t i signal tinil local ceillnitvol VqVS time.

2, Test Rlesults

Tihe tos grapth (Fik, ]- 1t) iiillicatcs a val'inticni !it amplitude of 01 to 1. 115 dh and a phaseo dlir-

lu ten oe of 0IL) 5.93 1 '. Nolte [i ll the 'I -ctiannels graph (I tg, 1 -12) var)u elai step w ithI the rns

gvaphl 'l'lic I tile ilnat I0n li i 1.I- 13 p mv ideH in clue to the expina ion of t ho~o Extprnme vii in -
j ittl~s 'lii glpti Ha iowa tinat the apge Viia ion liu the 900- Mepa stgnal nd the(, 870- Mepia local
oar II Itoli lo c Is 0cc ill-Ird in tilt HUIs HO ti 01-10t~d as thle extuC inc ViiEiP1t Inns,8 Thus, a corrl a -

tion vx[HiH a ttwoun thle gvma)lw Whichl Suggusts that the(' phaise and atliplittidL var'IatIons were duo
tO tiii ltii111UHo in lVest sign~il and Iocal oseflator lovels, The cause Cot, the signal andi loral aoell-

lubep lvel vivlntton was round to he an Unstable Uiiiit ihe freuenctcy synthlizou of the test

3. Coincluslon

Altil gh tlie trilN t(if iiF lesit were, nrued by the in stabl ity 01' the s ignal alt, local nac Il-

hiUA i41'CN itma(1 vrilt t lst 55tmoo-td aIfeoiy

tiT- 7r

TI

I - I - - - - - -

5 I .2 1

Fig. 1-11. Errors in rts phase and amplitude, Value ct smatt of teit is referenlce far zero errors.
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PART 2

TECHNIQUES AND COMPONENTS

CHBAPTrER I
- ~MICROWAVE TECHNIQUES AND COMPONENTS -

SUMMARtY

Th is Chapter dst cr ibes tite lair Iwlve Component dlevelopmti work ca s1'1'lau Out during the
reporting perid. Th*' first section dleseribes tile present R1F iode switch that has been de-
signed tn st rip line. An 13 digital phase s111far, a tltplexer, a miodulatorrand n limiter emtplayk

lng lit tar sw itches or 0i ret' it ry are then described. Su btoplus include seleet ion of 'diodoo types,

phanse -nasuering cons ide rations and I ochniquefls phase and a ltplitlde m nonitoring C lid strip liea
3 -cib couplier s, II [ithe 1list soections. 11 a pssive anti tipt e -beami beam - form jog s at ri a, a small

a rray tor ttiettin clemienIt0 D Ct mau eents and1 a very swis i I e 9110 - V ps 131" ridge are' desecribed,

Fhlnly, some forrith' phase siffter dievelopment work supported by tho L~incoln Lanboratoiry phased
a rray pr'l~oect Is Il C it ittfld bvstocfly

A. INTRODt)CTION* 13, I1. Temme

'[The Pol of' tile s wltettes 115 cdigit at microwIa components usu at Iiin di g itatl ett tronic scanllII-
nintg arl'ray contrjol itas bcl'n disacus sect ill 'Pee ilial Repts9k1 228t andi 2 30. Since most arrays

will hav1 e a digitl cotril ou'r, thte liiIct~wv eleVt C1menhts beilog coatratoled s hotl d aslomply aceapt
l oglc a igrt is. The flonct i 0 of ttes itltoglc st ghil 1is1 to cclitrot thie roti g and dielaying of micro -

wave asignlis t0 and from llhlntlinl, Th'e t01e pt ion andt X xilt jot of suchel digital sIgnals uiln lead -

ity lie accompt [-hett wilth goold lipi switches,

Sucit st cihes shold hi tave at tilli us like Ithose nfa gooc igital logle coonotsa. iTthey sholtd

hre simlle, clieap), reliablei antd otterate withi widte contrtil aiglilii innai-gilta. Inio ns ivce ffos't oli the

,)art of many wor'kers' htas brought albout good cilgitel logic comnponenta fol comliers.15 It aceii
qulite probable that on ly a intflul ' tnI OC le ffor1 ilt Ittaik a nlra,'ys It(i a Itl 1111 oa lOlfite

swit cites Cant 8wit chattte dielays wcill Ibt' amottg Ithe bas18ic I bii t g bloc ks.
Th is chapte r1 eports alit past5 year's awork with It F- si cii line clitore awlitches . 'The di CS igl

n-iuciH of a single a wite a~ s curt'relitty conceived arse disacussedt first, slitncet thiey a Ye i ptlti of

o It' y aplpillon. iI tile disacu5ssi on of a pplications. somn Itcbt opt es appear Iha the ave broc cirr

a cope thtllan just 511111 ii diesignt. Ho(w ever, asince I lipla topics arose in conjuton ~lwith switIchI work,

they are intctuded )1010.

* The authoar would like to aclsaowlsdga tlls hielpful discussions and advics dt Dr. R. Ii. Redliker of Group 85 and
Dr. A. Uctir of Microwave Associates. Also, a great deal of general information has been obtained from the
following reports:

BellI Telephone Laboratories, "Microwave Solid State Devices," U. S. Army contract
No. DA36-.039 SC-85325.
Microwave Associates, "Pitoo,. Shifter Study Program," Navy Deportment Bureau of Ships,
Electronics Division, Contract No. NObsr-81470, Index No. SIR 0080302-148.

tJ.L. Ailea, st at., "Phiased Arcs> Ruder Studies, 1 July 1959 to I tuly' 1960," Technical Report No. 228 U1I,
Lincoln Laboratory, M. I.T. (12 August 1960), ASTIA 249470, H-335.

[JIL. Allen, et al., "Phased Array Radar Stuldies, 1 July i'?60 to 1 July IM]6,
1 Technical Report N0.236 IUI1,

Lincoln Laboratory, M.1. T. (13 November 1961), ASTIA 271724, H-474.
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(a) Opened structure.

;i

(b) Assembled structure.

Fig. 2-1. RF diode strip line switch design.

',4



B. RP DIODE STRIP LINE SWITCH DESIGN .1.Teolmo

l.igate-s 2!- I(n) andI (h) Show thn present shuot It F" dtiodet at ip line switch de~signl, mvtiLle of'
'lellite itieleetric! strip line, tvigitio 2-2 shows the lmped circuit equivatlent. The silgnictilo

circuit Isrumbecvs When the s9wig cit provides isolation hetweent the source andl1usd tire shown in

Fig. 2-3. '[he Dr- forwnu itlis is apiplied through the high-imipedance bruncuh composed of the

filductive at ith a,1( ni)( hypuss capacitor C11 . '[he hicts causes C'I to thn effactlvely Infinite.

TIwo bra aches itt Fig. 2-2, nanoely, thle Pt brancht anad the Lio C bhrileb, Ilre hi git-
impedtaoe hbrtmeltes antd Can be nieglu(ecd in e 1 cit iting the aiselsties The (Ill) aseries resist -

love lIs, the motnlg inducta nace 1' nod1C thle seci Ita ing cc a"cit acre CF It are set'li rsnn

at thev eniter f'e(ttttcy. Tito isolation 1L Is

z0

wheure xs - lHI J((el 5 - I/wi! d

Thel slgcilfeamit cit'etd jt pat'am e tecswmti Ilvnth sittet Is reverso -biased snitl ion nuc t8 the
oo rt'e tl inte ilu tirto shmownm In Fig. 2 -4, '[ho11 net HL Ie b tittielii attia Xe is asH kintitally tlie

ertmcoe of tilode rovercoL-tias cafaneitnaee ("I' 'The tet Iadttet lye reactanteX of III') lttinlg
sttnl) COsists of i, aknd C .'Ittevse 'eetlnres ir 111 tI'l Ittlil- resonrid, attd thle r'esttltatrt ltisetlot

lOHS I Is

p 2

z 'XI(Il )2j

'Tie cutioff fvine geiorttll'y giveni itt (t lit d siie'ifittttion is fc d
I(lieIt st ritlire, Cs is it pa iaI el. plate captticito eOn'ts ist itg of il Uniiu t elect codes on

M yin. Tie etetI 'odes are foitmed tty ox's tital ong at toast otno ti on of alultiattir. on Mylar.

tietttltitte Vtilties of ('a Ittive ttt'ei itttaiiei by this teebtique, 't'tte' toss tf Mylar is nogligi-

tt ;i t itd fotrI S inigle (11 nde sniitl Iso liltioiis of less i hoi abott 50 51 d. 'hitto l ienss toter -

'li' ateti My In' is a lit)12DT toe totwe hi telctIvie's Ilike 'toflon aottd motyc t ylese.

An t'tclnei berytiomn-eiippt'i tat) It Ilto vtiit tlnik plattit ltttwoen tile ciipcitmi nit the tiodte

providtes the coli-itt ito f)ilte iiglt-iiltttltinue. D' ttitis still). 'the vi tei-wivetenglti stit is

Stiorieti Witlli ail It tW blitss (ttcipat'ili' lp

Severcal types of Itt" hypaiss wer ic el t. A tow -imi~dIC tittt iequo 1vl-wa VeIugII tii il Stil)

Work vaWell bttI te a cotta ide vale spa n. tWi gil i -5 shwslu ea tt more etta intitI52 c Wt

i'ii itoi titlist riletion inl the bioardi ttmt;tt slants to have nlegligime suries iiiillctaitll. 'lie gvrould

trIbens are extettiedt intwar it thie uetti of ltke botiri. Thne 'eliter' uioiturirt (na otlt~m
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'i'Ll OLi hel-ytlol k-01IL40 SajliCIk elt tIn UiWIyIL ylar conhll Li? to 11 t'll 1i HILIft lit' o Ih ictOle

ti bordl. At I -band fiitviiciies, till, itiruo ohss ctll Ibr icompiiledt Witlfli eL sufccLl iLruy

by Crin~Opiing Iitl' 1)IXItIIe IlILLIC 'LILi lial)i'e anLd illILIII ing tilt-':ectanLce ILLli e isert ion ILasS

f~Lo'IlLi I. it. 'thei ILSV (If olilon block ~iti 5I -1. '1t1 I'll Ily Simplter, h owever', tisI iunblanIces

the Ilie Tldi "intrioduces~l sari1(1 tnrtlkjrtnnre.' If thea ttlrnunstons are CeiLoftlily chocsetn to oibltin

series0 resonanlitce, good isolaiti c10(1 be Tict)Cl'id overt lit least it 201 perceent bifd, Anothevr LJLL-

[lt, il11g. 2-6), wicho has electrei cal syiiimet ry bet wren thle itipit Iln lid g11 roilnLd, hLLs been iLsedt

suLcessfully till ilii 1'iti'l'OLLI mitLfLLL? of the boardl'i.

CENrER COiNDUICTOR TiiRE5OfrV TERMINAL POSiT

RitWASHtEi,

MYLAR Cu GROUND PANE

FIg. 2-6. External symmetrical capatltor.

SilicaI tie Juntti on ('1111l citatiL c of ioine (I)P Ol nI niC town a iodst, Lil)Icect 11dm a p to-

diiettti ITIi, VLL IS 001191dieiLIIIy, a ILtiinbl2 Ilde('lve stibib ts pirovidteit ii a vii iable caitil itiii

terinai ting thle stiloh. Ti Is lInvo1(ely ni st1'l' exVi'<I1(101) ft'ioi one griid plnoC Oc iL[it', ce'niter con11-

duclni', A plece oLI Mylao' is pltiCeihAV~ betwee the tV i'iic' 'LiltilclOl' anth 11 W scre to reVenl shioit-

Ing. Thist fllittui hiLs 81011112 IVenlpet'1IOLiV ii? 11918i ily beLcLaLse) Of il'therma12'il~ expas~ioni~ (if illt

ronlito board Utisedl, All iiitegtiditegit tvwo-plti1 ilipait'r couii be, but tifis 01ot been, coiistriicted.

Sonic 112Idll' tie peecetrige tblitdwiths Ltbtitnille wfth sLLLh sR rie i' follows frt'nniet

Q cailcli ons of thre t11timpei eite' it equlentsl12iL5 II iggu. 2-3 aiii 2-4,1. 01 Th Lse tiera set LtiUpperi

11111 It, For tie iSOtL~tliin 8stale, Q - o I.8/11s fot. tilt, tI'li illi ts tni stat , Q 7o/2X V 'the' doperl-

I Li121 fromni tese vI) toes is greatLest for the IL Iiil 186 Llll state bIc s 1)081 Ili n ft'rerj cy-Aetlstlive

pi ece of transisin) line. 'This ideprturie Is rolmin I'trot~ by Ulsinig Itie igL isI ir1edlifle read12il y
art[ninabhie in SItrLp ine (about Zohtnsl atnt keeping11 the still) ais short a~s pos5sibtle to 1'1ttLice I lie,

teequlency sensitivity.

Inl pbis ed arra app2Li ti 111121 ons, th a)0 lilt tide -tptilfe etia l'Li eitIIc (trans fee fonnction) is Iint-

porILiet
f GenerIll y, one call say Ithat it switch or1 tiny nelIwoek lrans fer1 fuii on 1(111 12115 satisfy at

least Ihe following two eeq~lleentsl.

Il) It Lmulst insure1 Lthe inqie sLll5ignl ISu1mming11 in atill arrny. A r1cce125(1 y aid
stifficteont cnditioni for neL log this 1212C1 1 'cn 12i11 is trial thle do-intioin of
the irons lee fun cti on of co0rresp00 onig 1101WO rls iron thet 'ir'l rinla VluLes
be w itlipLI appiropi'iLe) l122Lerances (exceptlitbe phsp shi I ci or [111212 delIsy
cI is cuEsed below, whic 1111 fu18ALriher Lestic lioOsl, Tils can1 tIC celic2kedl
stimply by anl Lirnptito dc-pIlasue traLcking 11112611 enient wiLtl two w iftbalid
3-rib hybrids (Fig. 2-71. At t,-banil, iti 10 poaclble to notiieve an amiplitiude-
phanse eslvlyo .t - P ove t least a1 10 pc; kcuiA hacid.

(2) Php emictorowave net woirk musat.preserye r'easonlably viol I the c111102 ceis Lies
of video informationl requi~red foe signal pt'ocessiig. These requjiiremients1
mnay very gireatly in different systemis and 02081 be analyzert toe eaLch sys-
t ern. Sorne meaIC~suLrements of thiis typie are given helo1w ini the appliction hls.
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3~i~b LINE IsTRETC(IEN jIci~~uI

98' NEWORK

LINEWN

SWEEP 4
OCN EATOR3-db

V~. . Ampl ude-phais traciting meauccrement.

b'icccciy, Ihe leholeu i of ol' c ('cct rind ci lode pamci co tra of t he diriclc 9W itch, ovi i Will clopoci
on lice cippllecition, Isl eovoired in oichof tile 4ppliucations (discluatlec below, (Tho coodor Intoesoci
in 1( ntl 101 ins ii~joae~ by 1 I10 p pelijuil (110(10 ftabi' c-c ion leccirioliogy ais refrrd to it rcent~cc pa1per
by Eppecly."'

C. A 900-'Mops~ DIGITAL PHIASE SHIP17 R D. ix1, 'remm

II I this Sectio it01( 900 M cpa dilode phase0 "ltiftl in do Not'ii) androc theo c xpe c'1ioccil I ceSts. otl-

Iccliioci Wilic It ccce R iven. Some desc8ignc cocm Lleratlioom pliicao(08 nie 'oei ont techi1ques a cnd stactew

of-tic- tcc'l iiatic ons of di gitacl plccdl a hiftCv~ PH110I- tcocc (118(088 on

F1 livi ZC -8 shows cc 4I-bnl-y -dIgIt 11 F (lindo phccase Nii c lelliccily used1 i I the 0roLp Ili

trocasmIiting lost ucx'cccy. igue 2-9 18 ano III" c'ht motov dctin lg iheope cccl l of Iwo CaN c cd en
bits, It cain ho thoughct of cc anc "clc t pont c licce sticetcher' 11 ,it[ Cllo ho UHC(1 for phcase 8111ftin or

booe delay. Enr vgy 0(1(0 clog icic-I A is citvticl equacclly betwe thec t1c wo cilode ccr(ma. It Is P -

fleclonl fcn tilt. diodesa If feri'Wc pc-binscd (isolacting), or' frm the torinaictircg cccpricitcc if the di-

oric Ny~ 110 '0vo'so-biccaci trmt(IccccltIig), 'This vef1lc cl oercgy lt ins aiI t1 n cm A andc goes
to th ic cx bit 'teciffe ceia in Itio ngic inri oduced by 0cce bit 18 c'clltvalint Ilo th1ie ut occie it,

piccac of tlcru -flcertioc coefficient atl a point ici firoci of the cdiodes beerccca Lif thce Intrcdctioni o1'

cc clovcct of the 8001 toiNi of lirne bobin th1 e 11c. If 11cc diode wae o hocc , the erm Pcoinating lcpci tlc
cocid he recplaceid by cc fixed shiiot, 118 celocto behciind the diocici boiicg aeteolod Icc give thce differ-
enlicst litcio longlth dostrocd. To acecomodartce vatcying juncctioc Cpcircc of diodes and Htom-c

toleraince in iecictiicEi dioide pcccitiOlicg, the offeelive elcct'iCcal length ocf the stob behicd tle

cdiode is ccppivnppicctey OrI3Ostent withc ac Iorrintaing vcccilble c. pacttoc'. TIhic qtcub icncludtes tho

r'Cc Pc r0 equired i o tic iccle I-vcesconate thec jucc io (04c aptcicc cure wli Gixccc d i Iseve (N-secm sect

rhe biacs stlc'celcre is 5 e cssencially lice Nacmce as that do SOP ther icc tlce pric u C 05seil i. 'Itice ItV
bypa~S icc thC cccLAMCCcc 81 tere -PC sonarit typoe described icc See. It of this a ckctil , e xcept lI cc

r- veix icInscad of ccoppcer foii c:Orclt OcII Uapai to r pl
t 

te to tie gro'undt plane.

Following is qc 18t Gf lost dalx IcOht aic114d WVilth Unilt!; of (he ('ccx Shownc iccll ct 2-8.

*W.F. Eppenilc, "Vanactor Fchricctoic For Microwacve Applicaotions," Proc. National Electroonics Confernenceo,
18, 406 (1962).
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(a) Opened structure.

(b) Assembled structure.

Fig, 2-8. Four-binary-digit RF diode phase s.hlftnr.



PORT Ll~
A

/ CONNECTION 'A"

I - F ig. 2-51. RF schematic of two cimcde bit%,

TH

-. POR T (
P1hris devintitons. 0' to 6' Eipooit~, IS'* typlolli

iInsurtion loss1 0.15 to 1.7-Elb B1)100(1

Pnwwi-itlndl Ing callliiy tested to tOO-writt peak, tO-iisoo puiso.

1p010(101 duty

'oI'WiIIII bitos 50 irin/diode, lit least 2!1 percent variitioli
prmiss ible

Itaoiso bills1 20(1 volts. 25 Pe1rcen1 Var'iationl permissible

'Ibi' rdevyice shownI In ii g. 2-H 1is leiv fOIIIratu -'senisitive because15 thet terminalot ig vI) tiblo 0111)5 clont-

tire' tcnliporolltulr-e-NOonsitive. 'ibis prIobilm ha1s been sot vud by red105igi ing tile val pavitorts in Sti i

* ~~'111010v are nuiLroueII 110115i1J01'tionll iII the denign of nl phoso shlifter or lime delay. 'Phioso

thait ha1ve beet] investi gate IC e ri11 eporte nex 1101( s11ubl optos,

3-db-(-0opors:- '1110e U~c of 3 -db onsColic oOUpiev'S Witli diode a111)1 theor)Ieticlly pevI'lliIN

tile conut ionD of ii h)111111001 ALruit r With1 n01)1 good matu ovu) OV 01 wide bandwClTidth. t, 001151111

Holt1 of a1 "good" ope hns1)11 tittg1 yml tbee 011 10 oll1pisnd rti-t d[hetesitgn oI'it elia or cohn l* have been

used~ as 1) guiden. On lle basis of 11)000 folrmlaIs, tie palramneters shown ill Fig. 2-10 weo~l choserv

s -27.0 1111s, i) : 277.0 mils. tinfol'Iuatoiyniatch ing sini1ply Into IhL coul1plsti0C ol is d ifficult1,

and)1 the1 type oft' ac cii0110iifluences t11e coulping. Capaciiitive stubs bhave 1100n used( to 1tu11 tlhe

junc tion. 1110 ieLogi) OIf I 10 stubsian 0111 tmWidth of tile couIpied strnip Were0VI vired 111111 1 VSWI{ of

lcs Ilian 1. 1, aln isol~ation of ab out li0 dh 111( all) equtal power 0 di vision) (Withtin 0.,) i 500)ti lItiVed

'Ph, w idt o (htie (colI ar'egionf ill ilg ?-t8 is 127 it is, 'rhi colm,5 '1)101 will) a1 WihI of 1ll ioits

fat' a1 ;YflI ll ot'101i'ttl cul2 r stlool'n it i g. 2-11.

'It)l petC IfIll l're of 11 001 tpl t verly aparentI in a 00rae 5ri~cheain). Mism atcthes and11 1ltttrq'l

couling 1110 Obviouis ill VSWHI Vs frluenc plots110, tigurct 2-412 is it VSWI-1 vsl frequency I t' e

differeto'e is ini 1110 Var iat ion or I11 thic ittikiitl of the c01e1'ivicltipe'l-c'lili 7 -rt cntbst'111 1)011( )I

*S. B. Colin, "Characteristic Impedances of Broadsidle-Coupled Strip Transmeission Lines," Trans. IRE, PGMTT

MT TT, 633 (1960).
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Fig. 2-10. Broadsides coupled stips,

Fig. 2-i 1. Symmetrical coupler.



itt~at 40M

Fig 212 VWRvsfrqunc tacs f wodifaan furcacaudcoplr(oads

Fva, withi VSW vse f 0pren trace of twos deifferen fo-cscaed couper boar dis aou

V ThSmits isobabily tu iat tirtotyor sit31s itoi i iot puitils trains. het tdiodtubs,5 Inlet-
51055 sould til. ttonstt'oeilncticaloleith h~in totinice hinve inte pidoe t(liittase hilft

ion e AsIiit alo w ithoti otint i hoaitta 0 t ~th . ito he shift n cin wordetto etiot fthtsO

pre'not wihin ov ihe 0M totoctot it !ottc frle itttu (itot i h fro iioet-i' o tin vpbond t on ot
+rr 10.tan in iotitibl poy nefstot a ' -1-itt puls eros usinsh tid e c) r~eutb. The PIN oesrtios pehow-

tits'a stiitto j ie t w e nnd cloutto nt t 'tcrt toota c tt it ', h 0 100 -iticy iot theI ptoeno, sit

redtclan e eite o (fqnccadt isll lvlclcit oss e v~i 3Ntpsfb iae

by M col on e soit es -e-r Iri is' t w 'ity t O -1iufvue and th~e sti t ho r. iiot ii u o ile inmcc i h

tte rosto r t h e PIN-V Iyps t ev tstst i -i fit itni) rinito weitov to ttaoily fq irt g 'opbitly of ruion

piotoe f t jun t ioa res Ttwil o i tso o' wi ts tiitioe i eot werteqtil:o ice d it thettopot-~

in a ~t~tinio C1inelorit iIidii tretktow n voelauo Cfl~to h larg jo inon iron rotti o,

vaitiontu o R reni oc stot wit fri inst "In lii inttt ttoses. O ver tIN o nmes fahield

liv Microwave Assct-jos wor tesot lived iriiifsiort itid n oht.lti o i att

lzz



qcival I MA\-12 PIN Ii linv but'ta DC -hated to) .t a'eve Voiltage i ar) v 11aolha Nvt lit, to jpiat'-

nat tt a che cavvctit, Afe 01~vo tile u1nitH havo (:aintathe Volt ages hostt ween 100 intI 500 Volts.

VTe ta'tia'nl IR F aanat it'lt (Sa teiittacsi, 6a at (at 5iaa tat tar allowtt 0). Ip aot, iat 'ev e iOkam g~ettei

1t1t1ta 10 vol1 t hl ['at PI oi'a caitane roi t alt hlar a tait Is toti it ialy constat fot' voltages

gleatu ithatn 10 Viat1s, What-t (tawwd ttl' sott tao Fi5 a n tithe series resisttnec! k typittatly less
Itan I olami.

AlIt ouigh a t horught itivcist igal Iot of tfile powcva-ha ntd i [ag c~apability oft IIhese diedIL aslas not

oonet nrnetoe suomte tc Is of an cipet i tal tat prtoeduret to h Oat may he nateqttal e filt sat cht alaa o ta -i
lions haave' h'vett 111tatti to avnsttt't thtl the MA42.18 it tadtpwatt for taoa% or levels r'equiredl ittlic.
teat tittttsotllttet, Whenl the dItoc is i'orwilml-hiralett, tlte tentl dls~iptatleta LIt-aatility of tl diodle
is [the litltaing fiat-aut Thlue eote ltafor [liltt ion taboutt thle tliit'oatt pr'opotione of thle dliode [ rc-
qul tel. If the the tna I topaerlle ot fthe aill lon \t fat t tanat tal neaclotas to [lie wSale (lt o ille
ill atotinattat thterattl fattlor, then filte followinag Fitat -attala differentital eqiutioa tstty he tan fill-

oailaate ,Iostct' ltioaa orf ite ilttotttlt tttatlett lea Of If auntde fat' vttgileerlng purtposes:

wtit 'i

C tlte'mtal oIlass of thle filconr wiarat',

T tomoil e ealsnet t t a of the witlfut' above ht. ca, s tomnt ut e,

K tot cndtattivity facotor' relad log tan( tent flow Itvon fiae
Watfer' to tetaal!atUTt.aa,

'The tioale dissl pal ula ra etidily be mnostttat Since the DC vallag-ctat'tat chtutatt ttIt
oaf aitie fattata l tais apctttedoa-d (Soo Pig. 2-13), thle altoato It lfI i itaerntmoetetl

Hylea'itytvng tlie tcempe t'lita (tt aletttlt decript iont woutld nccokitta fot temlperttahre vnlntlon within
tile Wafer). ITe soluationa of tile eqationa is

.1, pj K, tile f1tt:1t of, st as tY - statu t natpo tatutat,

T /K, 11the tormat at 1ita constSant.

Salt a ilesat-ati n iats pa'obrihy ndccate frt most dtiodte tappaetionuts, raid tag. Z-14t shows n thie-
grt atm of tile al tattit 11;I ms at tbeen tuseda tat met-asurte the twa dioadte iuataoctcts T anda tK whean the
abtat, tetta ript dattaoes,- ttte,,t. totl., A ptttse of It W ower is alltetl to a forarci'-ttiaspt atiode
that I urillinotas tic title. Tae t) votage drotit if [lie alate Is aibsetrvad wiltt, killtscilltoscope a fter-

the lttic, Tila te -itratitllt otiing tiittla of (Itat, tiraattit a-toas have gooial-'-I) isattatitat, nd taoe

t veat (readiiy acatct by ruatlhittg ttac atiatat wiih a statt). P tgatte. 2-19 uttowe an aiscilograph
h ;, a.. .a.tt til WitaIi the airial fotr fill MAtQ4 f-ttaitatt 'this t a p arlciat. atittt wals onec fota (at ueavly

111an l irat e tataitti itt- ai11 taue atitli air' 100 alc~. titaetad traits chaslttr- tatona 700 as-ee with
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01000 NO P-1449
.~0* A, 1i.0 v TEMPERATURE CHANGE (C)

SLOPE 5 0m. . 0 7 ' C/mv

O ,II BO O . . * 1.05 C/n y,

0,01
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Fig. 2-13, Diode voltage vi temperature,

Fig. 2-14. Pulsed RF power dissipation test of diode.
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S Temperature

Power

Temperature

Power

--- Temperature

Power
An MA4248 diode of an early run

-. V--oo.. TiF--. Note Peak RF Power m 60 watts

Fig. 2-15, Thermal time constant,

a spread of about 200 lisec, The typical value of for a 50-ma bias is 0,2 watt/'C, wilh a spread
of about 0,I . These values should be regarded only as indicative a nd should hot he used for dO-

sign purposes,

The next question is: What is a safe ma ineinll junCtion to aperatUre? There iUit1'ns to be a

considerable amount of life data on transistors, ower rectifiers alld varactors suggesting a re-
lation between tle logarithn of Ihe failes rate and Ihe Inve rse of the junction temperature. A

million-hour lifetime seems to be common for a junction temperature of i00°C. A junction lin-

perature of 450*C may increase the failure rate by a factor of 10, Similar life-test programs

are being initiated for the MA4t'48.

A criterion for reve se-hins power-handling capability and retliability has not been found,

The it F voltage call considerably exceed the reverse bias without forward condction, Carriers

cannot traverse the intrinsic region during ai 1F' cyclic period. The uarige injeurted .u ring tile

positive swing is withdrawn during the negative swing before any substantial diffusion and recom-

bination can occur. The injection and withdrewat of charge from the intrinsic region isnot tossless,

*See, for example, D.S. Peck, "A Mesa Transistor Reliability Program," Solid State Journal 1, 25 (November/
December 1960).
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Fig. 2-16. Phase bridge for phase shifter alignment.

I NE YFICIIEN iYc

I~H (a) Physical schematic,

0 rL (b) Sig.'in flow ropr~lsention,

Fig. 2-17. Effect of mismatches on the phase of a transmitted signal.

Fig, 2-18. Phase errors due to mismotchas,

-3 (1dh
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!t,' iMIttt.ittiL' IVifaititY bingif butt I itittlly tuiflui to the aitimiiit oft tho injLtcteti ofillrge. As atii

iniiti utof fl til Iagoititae. tile loa ill lb1 souitis to hae Itiotit tittitita fi i.l, swings of twic!e tite
Wats v'oltage. Witikitg-ti teas lift fiat a it1 atitti toil' siituii fin iurl iftE wav tit leairi Initt auti

I-i'uvt-iiq uwtfinlii caymitilik'. taidle])c tolatsi le unde ci ons il "tttoll,

tot'1 tova go tver'so-hina tlower -Ito m(l i g Mcapability, ii tloe strings simtot ito p tfowev ou mtifer,
iiiitiU Stilingi igh~it C h t stitiliital. ItitWosut, doit vms that practicality ror a tiny ttlttlicilitttc will
ha buftiv] aigsiul-Ld by, a1 htt", Iccinidetiit iding iltt Ito ot iabntiy factor's t it IU' froeriooes.

D, VARIATION IN PHASE SHIFTER ATTENUATION ).I,'I'onmma

No ati ni Wits ma do lto koop ile ott tiution of tile phlmisa lit l colnstant. 'lThis wuHs not
('tistfiev 1ttit i at for tile Grtoup 4! tvanstltlug test ttriany, since the~ power notpfIttor fn rin

tll a saftuotoil state andl ton ftlvtinit otttfluilAtt Iinpt vorlai bit If coonn ritenttion is dte-

st tad. the eflactitoo cofftient oif thie diode it-itt ttuist he ftl Hsaute fIt eiiit state. i'ttuelile

joontti livutol imttst bhocsent rippirotrintlcy frtittuft tlit or alt tipptopi'lnto ca ru o Itoi tnt1pait-
linve mustt hte cittien tot thle itfttitaptim of echul hit. 'The lut fat' chice tqires an impecfooco
I toosforotr Itli Iato tipla . 'Iftle ctiott'oe Will tloetood oil syt tar ''tqlitontts Ruteh as haondwldtl.

E. PHASE SHIFTER ALIGNMENT AND MEASUREMENT PROCEDURE D). ft, 'ariot

I'igutit', ?- 16 .' k a a Initk t tOf lth as ids Itgri tt so. Tthis typeof Ft ystcot Wtis'hoiot be -

am n t dot ~ es ot hatve hig Hig li i tiflig w a vsis a tyw heta L ta l tut U lC IT I t r o eO I- S g ood tIC eit 'raOY W i th

aThu stottu rot of ettiti itt 1 out t hsl) nlnitd inli slumtdIi lg -7

Whe ftci giit Ifltow latn ys Is In uised , Itl ratit ttfI to iiilln votltage Vi at fttt't A fndi I otit votitge
V 1 Of a tI In

V ~ ( 1 11 ti- j 0

T' V2

N'ofitt inatioit of I this a op ris in sthowst the vaviatto It ttfom litealt piose on the lioe atrpaetther is
vill'lit if) hte

1 isi citotittlii toefitto Iit mtaitt ll Ini tetots ofItl stoandttintg tvt ilo S. F~igurec 2-18 is a plot
of Al) VS S. '[Ltitittii ji :i pad ili tita io shtowst tow thu jittlicious placemnt of

gnoi
t findst sigitificaittly t'atiicui-itlie levitt mu of tiais fi-rttir uu t. tldsioit of flis Lyt- of

*J.K. fluoton, i"Antalysis of Microwave Measuremnt Techtniques by Moonsvf Signal Flow Graphst," Trans. IRE,
PGMTT MTT-B, 206 (1960).
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tilti oisI oi 81i11 it anutuUitiI (ulCiioiiiitilit- Witl It I It HIPPiS tlict- Itl )111 1 mls, tIlwI( iv Ihi tIe ii si -

00111i uitlu tail Iw

Ninniy Hi'illhie iitltioos dto [lot Iltive cotistali iipit-tilplt thoseo ohirrictv 'isticas. A varia --

ti, , chiitil ruth d cot olInI I ctiioi' I WAs iludi' .. tl ti' l tII il teaiilni'. titleit It its uite volntilnt phase

betwenVO filie lapit toil Ilit' output sigi1 III a Hint tritjitenoy whenl tienlt'tiitlil Ion Is uittti idlt,

liii i'ittftple. Tliii iliig tottution rot' thle aklult ttot' Is

I7 It Ic" i'isO I j sli 0

wit i tri

0 cvlv icat lenlgth of ilv' eoiiploul region,

Tl'ti, fori a fixeu l'vuttijruty k 1,

Whteti title si retu'lto's mni totijlets of good ijutally titit tuseutil Ito phae bridgej has it ploolio rif

o. i itt titne tuedtcutc of bllt' hma ft.,,,

Toi ilignt the phaseti shtifler , c ftitll Is sot to the(, desired vitltie by ttulinrg tite, Icermetitig

Vii 'itiiA' Iilitti'[lil' While hIthl thet VKN~ ju
1 

pittist' sitifiatve obseivedl. I)low Well rte Va '-louts hits

sumt Is [In Init caittioni of liii itttlktily" of thle pitus sillt'

F. LIMITATIONS OF STEPPED PHASE SHIFTERS AND TIME, DELAYS I)I,'leiie

I litIE re . aii iihitiet' of rtiti'vs Ilitit uleleroii how Well ti pthaseti Ittt1Osirtlt or time tde-

lay will sijii Itou inlivictilun sivps. N'o attemtt has total ituitl toI ialvvze Iti, o nip~oaite effleel Ii

otto etal Iteoit [oil vXptiesitiitii, lijoitse it isi felt Mtha it woutld III' ittitto 11itillulythu trah

IHoweve'r, tItoe ottgitut o'le if IttoSo fat00i14 ot~at ho ;ississui, For thlis putupose, Ile pltitsaslfl'u'

is Ithotighut ofis u'es'ailoil I ito' ,;I 'it rite I s wit It slruitl intti suisot'IuIutuus. Ihltitit ion (5) cli tIc sd

IC. utuIL1iu alt I lie uITuiIoLtut Vi-'ts of utitilt iii~ilii'itt phtIsu "IltlrV'' Sti!gitilk tbs of sUChI iieuqiiV-

MIismtoc o f Co'ittuet .1 tititliiil:- Thew mtcoltf ilti' jiltiolt itoi Ito totiplodl HI~j t'i.t wi 1e -

pilicuti. A VSWII tf I. i, tttgotlut' Wilit t11 (r,, ittiialti that otto ought lo ititi :oupits Wilth

I k

B.M Ol01iver, "MirecltiutalI ElIuch romacjcl i c Caupicer," Proc. IRE 42, 1686 (1954).



tIkii' 2-9-11 volupi'., S- 1.05, Firoi Eq. (5) it is apparlent that ttis ian 11151' a not iceabtle

orfeelt it, ib, zo'itiil of i I srpl phas~e shi (Ici to 'qili the individualn phast. nieps,

iinsimilari Diode A is The input rlc~tion voll ,flicient ot ;I perfect ciltier with isiiitarI

P1  112(1, (9)

Whicere 1' mid P, f a I the input re floet ton coifficits oit the dioide n rivis. To got it ninniho I, it 8 -

suow thont good iiehaiidi posit toning of tile diodeti 16 possible and that timing adjustments 118.11tc

tile sim ruefltion eoet't't-icots (this is poss bien lt it spot feecy -the appltit Io ntended for
thle [nhoVV phnse silit fee). If til oStindilig wlvi) eratio lit ooe arin is 30cdb Clnd ltit In tin ot her is

34 l,) (n V1nt110 RpIend thilt lilts bcen CX[Icr'tenecIt), tile Iiput 8ninidtog woveO PIntIO I 1.011, This vann

cauise a t ictiealo summ1intg effect.

Thew above eiivso y amnlys Is tOic 0105e why Hutrmming erroes of 6' (1,5' typilcilI) hotve boen

11011101 iii. It Is felt thlI the gron tC411, paoffi Ina efot will be Ii til hoImprovemeont of tile iclelliI,

which appeni 'viles ible Nith the tighter 'llit boar 'thficnetss toluto moe s thntl hrve Jus b8 leome

lIn conclui oin, it to felt I hoti El11igh -ttin lily antd elia1le steLpped ptln50si sift er ciit il Crude i

miore attentioln Is given to tlie innny dutiiilm duiting the development effort,

G. 900-Mops DUTPLEXER..MONITOR BOARD 1). 11. Troniee

Pigiires 4- 19(a) undi (b) aje phoitographits of the dttplexer-nicinitiii' liowili tind In thle Greoup 41I

rlmilm itt inkg test ariii y. Al IP sviloini it te i %91s tiw i g, 2-10. El)ergy from thle I i'liiili itt Cl

is ente ill i n tiiItoe to thle Wil unm Refloct ion froint thle anilciil, line to mll n cinli ng
goon hucki througih tilie ci ecultntol' andits routed by it baii to d ioil c tipie ncr into t loit, ITh is

sc henme pvjid ieH ii gooid niill foe the traimitteil r Wthen it is i-eceived, the signl from tile [an.

C elnai~ goes lbivoiigh tie cireculIntoe iiiii is iotd ity f ie ilploxe e to the recelyere.

t'ottowting is I list iif tenBt uIftl On It~ii I III) IO

tinciccer iniertton toss 0.4 ith at center froqilcocy, 0.6dh~
III edge of 10 poreent band

VM'WI less thiin 1.3 over, t0 percent band
tor tboti revive r mid trnisrittee

Receiver tp'ol ert to dur ing grenatee thou 60 rlt over i1t percenti
trainsmit band

I'm'wci-hainlig capailit y test nd to 7- kw penak, 10 -pscc plsne,
I pecent duty

Diode sw itchting time about 1 15scc

Iteveene bills I30 volts

Thie 3 -d) coupler desgn is 1 identicten to I Iionle use Cill Itie phtaisie ntu fter. 'The diode us i ni t

tlie balainced diplexci aie WesnItern relc 'i (iA 51692 PIN iliort enB. Thlense unitts coiin tite abnoui

9.2 db) towar d tie rec eier i ase eioi 'Loss anit abont -10 ub of reve-ivee plmito'I- ;, ie veite c!

qo ency. rif owitch1 folt Owilig the btlain'cut diiple xci ii spn en M.VAt) hO tiod)Cie i crit uniteri tile

nhnne shiter, 'flis unit ciiitr'ibutes aboiut 0. 1 rib to Itle receLiver inepelion toss aniid 30 ii t ,f ie P-

ceivee protection ai lie cmitei' frecluency.



(a) Opened structure.

P734421?

(b) Assembled structure.

Fig. 2-19. Monitor-duplexer assembly.
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REFFLECTION L

3-dbR.V CeUPi CFRTANMTE

RE5CE IVER 
TERMNA IO

DIODE d
SWITCH C14UAO

TERMINATIONMN 1

* 30 db COUPLER

ANTENNA.PM

tO TRANSMITTER ' TO DETECTOR
MONITOR INPUT

rig 2-20. Duplexor-MOnitor board.

'live 'oiipleirs lilt' 11III(iiIil In tie boardI'l. 'the tippet' (30-dlhi coupiler Is used1 to lIiject~ 0 LESt

li gnu f illto the ec Ccli'.P 'lb1e Intoernal tor'inaot ion on l tis couleirt IN a 50 -ohm pill irm rnsst ci'

'ti'le sliort capaclittive still, bhdtiii the 'eslifol ontti-'sua wills lie. onipling fiductaince

('iiit'li by it11i pilt I'I'dIiloi' illiliii'lng the line since it coninetm only to nu grouind pino. A
V$Wti ot, toss Ihn tl .1- foi' al itt Jei05L ibaiii (ails beO obtinedut

,11v inwtei vllloI (3 5(h) Is used for liiOptiilutt-pili1O iioritloing (If' lie I iiiuisnlittoi' itiodtilo

'Itky Riglillls fesl 11Inttpposito aims nf a I -tort voupici' (see t.,g. 2-21) will Nill Lit on poit and

itirftti'eiit' li tile itiiti' p111. If, the 5'CfCI01i5! inpuiit signiti is -33 dii of the tiiisiittpr outj)ut level

hltd tags 901 IegI'l'Is Ini phmiI8O the r'tfc'it'it' o1liiat ani thti lilmiliui oultpuit wilt A9tin) it Else 11n-

teilnaIt 11111rl 111111.a 11 ite ~ctor jiort.

Or 411igially, itl' Dn tltliln ht to It glassg packtigod cry('95ti duotr ini the boastd as on RP ('tc-

"t'ic'i. 't'tiis iil'IVi'( linsaliIiisfthi'tlr a aiILiiihh)ei' 01' reasons. t'.esE, the cieteconi ust, withstaind

tilt SLIM lIiO'i' ti'vt', %ivhicti is 'i3(11, aitovt' the utitlvecc pulipe cors'p~ontting to it 0. tiAm-

jilituh Iiiii' I P1, or' 1" lilli 0 o'I', 1 "I loog life', a crsys tal c [octet' shioiuld not be subj ected to

a soak tiowet' i1111'i 111105 120 (till. "ci' a ti alisnlt 01 pTWel' level of tO kw (70 stbrn), itse signal

althes detector porl of tle couler sthould be 93db (70 + ('i3 - 201 belowv the luiti coiiiler5 line

liI tcf !Ie. it is cii ff1011 In touippr'cli fle tarll el pla11te montde 00110 mi sr [it points Where f ile linue

REFERENC'E S1IGNAL F~i4~

Fig. 2-21. Trasmitton monitor. Toi OLTEIi.S rol lst T A1,tENN1,A

Fhi'M TRANJSMITTER
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Fi, 2-2, Sample oscillogoph of output of modulator switch.

A.,
Ak

Fig. :23, - - one-att mo o s., -

Fig. 2-23, Three-soclion on -at dltrs itch,



'h1e ililliniumtl level at tile (IetcIPI10 por1t c'nlh be 1%.ised eI., '11ildvrotily b 'y pitoing it va'iil'ltoP

dliodie muteitr ill Il-ott of thle Crystli dIit~i'(01' to w0i-Olr1 it I'r 4%111 p)ower levels. 11f this is drone.

a nual-monte rlte' imost ;its( be 11i)( ille IOI fron o lit, elt-val ileteeluip Ill l'eflo thle 1001tlnies

geilot'att" by thle tt'alsmitteP,

St inp1 icity wvasf filly aehieoved by usig it gold -doped P'-N jlnot ion d jade, tile! MVA4303. ItA
hasg sufienot rect iflit ion ofhiteney (1 I mv across n lull-ohmn load fori input power, of 511mw) at

900 Mocps. A jtinetion di ott can withistand~ a miuchl great tor powerI lev el 11100 most point confliact

diodes, Its ructl ficatin off) ci ncy Falls off w itil trociiuiey andt ptrovides 1mm unIty to the I ranti-

i1 itte Ct til ml1 010. Fo r exapedtiency, tihe dilode bann been moullntedin l the aIain Lumoiuttor box

(Part 2, ('11. V). '11e miiiit is fl'Oqulefly-sonitlve. butithis ist not a lit~ti~on since t110 I iat15-

-m-'rt2. : .po-** ,_-CY A wzz~d iiii im ran 1-db vatiation ove r greamt
thanl ai 10 1)1 t' hainild can1 be obtainled by plaeclog 1)0 iode t0Pmino01led by at symmtrica c'luipui -

tor (see Fitg, 2-5) in the strip Line out td,

H. LIMITERS D., H. Temnme

When, tk o bins term'inatttl of tho. 5wltchill ii1g. 2, 1 Is Shi irtioIt Is (t i [mi1tevi. Iioi. 1ow

signal ItIvaIB, 11o ap~prt'Ole (hiltge is Injectedi across ti lte ntion, tnd the zero bin a su nolt.

of 1)10 Meo alatsit) tile line, F1ot' higher sigtnal levells, somelI of 1110 intlo~ld chli t'ge reicomlbines

and is effectively oclvialunt to tn DC ililst, The0 rot of tile iutjtct ed charge is rercovored nn fhe

l1Cgativ61 I-If ,f thc 11F cycle.

Tile Insertion 1uss of tito liiter rimes 10 tile intsertioni loss of the swilth at high signal levels.

lThe I soltatio 11cail be Imnkikd at I it C Pilit 0powert levels by aidja illiig tie sonis ltuning capticit ot

C st (Fig. 4-4), sin1ce C It is1 nt itfi nite atI these levels. The') magnit 111) or thle isolation fit Intlt'-

mlledite levels Is somewhat10 lowe tha at ho ig gtelve 18,

T1)e inmst oll loss of tile l1i1i1ter fit gretr th10P an11, n(i the)1 banittdtht of t1he limi1tier at low

signli levels is less thtan, th1at of tile swltcli, since tim W01 ias Q of 1)10 diode is typically otto

half, or' less, (if 1ile QJ of a t'eVerse-tliflmed dijotec

1, MODULATOR SWITCHES D, hIF. Termot e

PTe geinurttion of shlort, sharp )~Ill Pul PUS a i'c of 1110l1Os in manny armylaytppliet ions. Such01

plses can be gencel-lbl readily by diode switchles timel) as m~OdtlatOt'5. The switching speed( of

SLIC11 Swilthes rtepenuts 1upon1 hi poOw 01-h111)1ing rnpability and operi tnlg frequteincy. Theit pIower'-

hlandin lg en pabitit, dependts 1)111 a')invy oil tile rove vs e voltage bt'0 klowil of tile dilode used. T

general, the recovery time of aI forward-biasert diode is i-elated to its reverse voltage bre-akdown;

that is, ii longer tranls itloll (line from [lile low -litpedanve0 t~o ligh - iIT Lda ce state Is aissoe bled

wtil a higil-voltage breakdown. At low oper'atinlg fr'equtency, thle bypass capactitane ec ld ill tle

bins otr drive citeitit (soce, for ealmpic, C bp inl 1g. 2-Zi fot' gL3md) I t-tK isolation is large. The1

1101e1 'CCjItIt-ed Fni' 1)10 (IIiVe1 tlo cliti oge the ciiarge of this capacitnce canf XCexle tile trPanitiion

t itme and( (latertine t10Ihe sw iting time. Tile 111101ogilph in F'ig. 2-22 shlows tile Iresull ing swit1chingi

speed) of a 900- M 1pl switc tlra0in.- a f voilt varacPto ftit' whl 101111 HP11 isoI- o w8011 It sac1r010'ificedt soilO -

wital. fort switchilng a 101 1.

A ',-,sectilon 1-watt mlodltor s0 wlitch (diode type MA')33 5ih h bult forp the PRllESS t'ndr proti-

gP11ll, 15 ShIioWil ill ]"1g. 2-23. Its peooilee is 11 followvs:



111011 I'll gichtv, hll KiOn11 (Ili oot 1,0 Vl.culn hanl

1118u1 iii) Iets 0.501 :l0a Itnld cent i'r, leoss than 0170 lt t

(ilad edge

(rnoI'vequaoey 1300 Mops

'11 urn K lia nwItc/diode

I(OVISL bos 10 volta

tlu svit y 11111( W-Am
0 

w' lS Vh u diitt' bdIt tkl tilt PI' 1:8 o~gcani a lam t Man 1011IDIcuc

''lttt 111111 1(81 t'ilt 11il 101'lcto jtllllvtUi wast till! Hlfllupp 81011 of the(- jlttinI1e plate miodoen0811800 y

thle 00110 8lIOl't 111( ti only 111111 gl'lcl l~tll 101 Sc'rews Ilil'll'l witin 10111o1s of thle contt' condtllIor

edge tll'ltVIIIOd Allffil'lenl tnoie 8ttj1gp't'8S ott wittttltt 1Illtily affrectilng till Inpt VSWRI during

J. BEAM-FORING STUDIES W, l1, Ilelaley

A 900-NMIjs, 16-ulonlont III- beilm- fotling triltlKix bhll 11808 11 low lltottl 1111 tewc 1k-

tigitg techtttius to l'lillWY Te 111801' ot m '108 been8 testll 10 1,'lh rt 11i'iB, wicht wIS designed

and(1 built1 hy Ativitleed lDoveilopml'il kIvi11t111plll', line Roodt electrm 11111 rado1tlltrlit pwOi'maioe

w;tthA the adIded lll\llltl Igo of Te uonpttet pttekage (18 t< 32 X 1.q Itncltes shown in '1g, 2-84, 'I'ho

-Elili

Fig. 2-24. 16-eletnent beom-Formin~g mottle.

111 lKq 1s tahcicaiied inll whm 10W118 ( i 3A) al il I l111111185i11 1A10 I "cll cml11tmIII20 Wiill the

attlitl line 11(oildit1 a1nd thle r'ltl'lllgl t1f11 t11t1c IiolIII In at spolnll at tiplttile Saic "lt 011 H 1180I

towiev a san tlcklwge "a clite~t1(1111IcitlvlW ill We1 01111 am8 we1 the 11'1;1-Il typ, al

the f[xeld phase chiftl 11 are1 llifIl1r 1loa leg l I Iog ofris0ls5Ill [55.8 11. lt11,c ('Ic d 11111110l/.118s (tic

*J.L. Alien, R l., TR-236, pp. 19-53.



TABLE 2-i

9130-Mops CHARACTERISTICS OF 16-ELEMENT BEAM-FORMING MATRIX

lslertion loss 0. 40 db

VSWR-beam terminals 1. 15 averageo (1. 29 max)

VSWR-antenna terminals 1.,10 average (11.)9 max)

Isolation between boam terminals 43 db average (24 db min)

Isoslations between antenna terminals 38 dlb average (24 db min)

Amplitude errors In the illumination 0. 33 db, tins averaged over the 16 boams
(0. 54 db max)

Phase errors in the illumination 3. 6 ", rice averaged over the 16 beams
18,0' max)

The hsonex-foisitg I151 ts Was tested ito i lb-elunment di1pole air'iay lit 91) Mopts. 'i'lte unliforml
Ii lii ilslat ion scsin)13 knit good anltesno paitio 'ss Wtilti firt's Sidol obos of I I toD 13 rib for almost nll
trenii s. lionnso-potts ting ci' 'nis i'ti less thonts". Alt cosie ndi sltue ilutintatitol'n oss were

tld. I fe'iusis Il doplis s'iii fsrnt 19 to V b a1 nd te noll potittlions wore aiiwnys Within it
ofthle Ill1ooretteIca position. 'The nitui beami intl ftirst nidleobe leveis to tice 19- to 3 -tb rrn ge

Ithseoset bjat valise tot' I scoenient ns'sny " 3dsb).

'eits oat six tills tseest us ed Ii ;i variety of rintinoonr sr tinin - forim trig extper illuiid , its con -

selis but ill eliasivl co vl ligis i'n on atid1 Its goodi electricals po'torinneo make t is s oi xport -
iliestsit 5tol.

K. IMPEDANCE MEASUREMENTS ON ARRAY
ANTENNA ELEMENTS W. It. Deissoy tied d1. L. Atllen

iir tiilliani'e or ano iisteisa eloeent Ii ass ns's'y of' aisil'j antennss etomessis ix s afoneitici
isf [Ile particuilar' sitiiieois cnemesmis is 11diistanie abovo tlie grounsd plno, (lit) [location of (lie!
Ls-,vsL i's (ie assay, Lit spacisg of the susly oltssolis, site ; .... hiisJlt and1 pthnso Of tile nri'ty

I tIII oa 1stol ais d thi de iotarizaotitoss properition of ti io 0 itinS. til' toarge its'rays. most5 of tile e-

inll is ss isl he ('Onsisleted roten ta i uost te,' tieres'eore, itsle vaiiuons iis inpestico W iti torcatin

ticOrootill 11hlopos's slt ('(101 slot in11t thnu ;ire It iViiilali)iU fost !IsrUlt isig [ho in peUsR o Of

arrsay out 01171 eltomentistsunih es onils'a os' sloti. Itowevers, it in di fficul t to us'odi i. theCoret icaily

lthe 'illtiettiolcO varia tot sl of mor'e comple x anennoa oeilciinsis sch as I sg-pcriouti enF, potyr s'oit or

stilc enWisen thley at'0 utsedt in isil asr ray. Ass expi nta001lll protits tint 011a11 dirtectlby meiasis se

thie til tL'(ili() of till elemenii ii1nt in all siti' array as ai fuiso tl of scani anogle, oarra0y illbina itioii

Slush Sillil;y geisniell'V ifl Isrisg ;Ilsillitsltd at presenlt Tie ievico soisists of Sill ll' ihrstii-t'misg

11111i x* for Los'us 8 1< 5 tl 01171 ar'say sit ansten 1 10tlei sic RWitltSli a ilil tlC(titit'O -ill CO so steng decxie In-

l-wst cIII tie 'Cedlle !t c, oils 1sf Itoc stut1.1 'il rtlles sf(t atirtl'ay, 'ilS, ttue impedncre of this

eiilllienis roc1505u1'ci Wills atli etiiisit15 ill ( i ~lilary dtiSven, ssol aongtc is Variest ily feeltiill a

sIir. ffcis input port siln th ic lsrix, ist ilie amishtlilts) ssF Ili ti ttlitliris ta sll coineniesitiy her i'-

imit oo tillfl l niisiii h s ilir. stine, s'sssiii-s 1 0 irs bys do i osnsot-0--islssi1) riving
illlt) tltl lile ititill poit A fireuensy 1of 130t0 Wts shss tsesr cstnt as elont '1 frequcsy tiet'tsltt'

Ji. L. Allen, etchl., TR-236, pp. 19-53.

'I Thle sufticieneyof an 8X<8 test arrasy far measurements hos boon discussed in TR-236, p. 2t7.

Ili
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several snti.1 lannai arratys of different types of anleana nelementa are available at this frequeoncy.
The time of this measuring technique conpled with the, continuing m-utuil. coupling study program
Should provide considerable insight into the imipedanco 'characteristics of complex array antenna

This measuring technique hips been cheokec aais toeicalclueirsfrp4-lin

linuav arrsy of parallel tiipolqm at 900 Mups. -The- ft t'benri-farming matrix described in Sea.
of this chnptet- was used to feed thq, array and scan the beami, A Hlewletti-Paka rd Model 805A
platted lina wra used tin the impodance measuring deviste. Figuro a-25 shows the measured di-
pale Impiedartee Cor Ill-plane scan angles bety,een 3' and.5.4. from broadmide, Figure 2-10 also
shows the ihoorctlcail imrpedonce 'variation with scan for thin ctipbies* in an a~liry with the name

____ ____ - ~geomnetry tan the test array, h xeietlrslsaeI good agreement with theoretical
t, prestitions.. the small differences being cdue to experimental arvre and the simplified theoreti-

oal nm..del of the dipole (thin dipole, no feed structure, no gap at Ced pOtal)

.- Paint Na, $Qci Angle

4 22 ~
5 29

7 45

Fig. 2-95. Dipole impedance vs scon angle for a linear array.

L. A 900-Mepis BRIDGE D). M. lBernelts

In order to measure tlie pulsedi phase and [ampltite characteristics of the variotis compo-
nents tn the tralnsmitler modules and system, it was necessary to construct the bridge mhown in
Fig. 1-6. It was desirable Lo make measurements to within one eetrical ciegree; therefore, it
was fl t that the bit dgL itseLlf shioulId be accu rat e to hO . I electrsic at degree. Trhis accoe acy mnust

not be in the sense of repcntttlity only; one meast also be ce-loin that the dlata obtained are

*The dipoles of thre test array were not thin dipoles (length to diaimeter ratio = 17).
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indicative of' the performance of the device under test anao opst ftedvc nd the

measuring system. It iu simple enough to build phae measuring equipment with mechanical a

drives that will read to any amIll fractkon of a mtjljlrnet~i', but quite a different problem to build

the equipment In such a manner that the visual reading ts absolute. Even very slight mismatches

In transmission line connectors can add several degrees of plbase..etror to the over-all electrical
length, depending on the tin ne of reflection Involved. An analysis of the magnitude of mismnatch

ervors is given in See. Ei of thin chapter, w

All connections are padded with modified 6-db General Radio Series 874 pads (Irig. 2-. 9W]

* The transmission lines are cqpnal 'ucted of solid 5/8winch diameter, 50-ohm air dielectric coax-

lal table with General Radio looking connectors, except for the two flexible lines that connect to

___--- ----- ~ -- -the- unt-being -measu red; -

of keeping the ouleiqe. braid from creeaping in the connector When the cable is flexe~d, The adapte1's.

shown i ig, 2-27 were designed end found quite adequate to hold the braid rigid,

In order to hold the error tolerance to 40,trnam 10,925* at 900 Mops),with component voltage9

.M i tothem as high as ?. to 1, it is necessary to use it minimum of 6 db of paddling matched to a

VSWR of less than 1.04, Commercially available stock pacts are not completely satisfactory, but

it was found that the sianditrd General Radio 6-db pads could be improvad over a nerrow frequency -

range by carefuilly cantering the resistive elemehi end machining a few mile from the ends, This F

mIikll~Iytttld the pads toea VSWR loe then .1,04 itt the range of 850 to 950 Map@, (The bridge

V0 0-MO,.01

FILTER



Fig, 2-~27, Modified coaxial connectors.

TABLE 2-Il
RESULTS. OF EXPERIMENTAL TESTS

ON THE 9V0MAP& MRIKE

.ini ~ ~ Error .L

ifA 7.12

A +C 17.08 1.7.10 0.02

B+C 17.09 17.11 . 0.02 , .

A + 8+C 24.25 24.23 0,02

is still useful atether frequencies, but the accuracy is reduced to approxilmetely :i electrical

degr'ee.).
The phase mansuring unit wvcs constructed by mounting a standard line stretcher on a solid

bed with n 20-pitch rack and pinion drive. A lineatr vevtnier scale on the moving earriage indi-
cated 0,1-mm dilvisions. A circular vernier was also added to the attenuator, which indicates to
0. 1dfb. Varying the setting of this attenuator Introduces no mensurable change in electrical length,

In order to achieve 80-db deep nulls, it was iiecossary to add an additional 5-to-1 gear on the
attenuator knob.

All components are bolted rigidly to the aluminum box-frame bench, Rubber wheels provide

mobility of the system anid also damp out minor vibrations that are bothersome during measure-
ments. Tihe system Is quite s-'milive to ambient teraperaturv, and rare must be exer~;sed to
hold the temperature constant within a few degrees during measurements.

Several sets of measurement checks were made by measuring connectors arid line lengths
separately and than in combinations, Table Z-11 shows thic results of some of these checks.

M. FERRITE PHASE SHIFTERS I.tTemime

During the first six months of this reporting period, two new interesting ferrite phase qhiftcr

aptproaches were sponsoed. One was a rotating-field rchaser diesign investi1gated by IEYL.ETTONICS
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Corpoviltion, The other wis n Olgital fvi'ltv 1hne delay (,r shifter investigated by Ovueral Me-
tric Companny, Suffi~it progress dturin the first six months ciesirly indicaited tile lattter, sp-
prosilt best ssslle4 j,~ flw routp 41 arrmy vcquis.-eints. Thim upprauh is still in the development
stugu,

'['he rotilting-riolci phsiser aippears attractive for appltinons requiring continuous phase vtsri-1
----- a~r.feut rh i-ta -i mnth tnventigation were repovet sat the 1962.WDISCON meeting.

P3rsieent modols of' the digital rerrite phase shifter; exhibit the following performancee

- Insert ion loss low-power level '- I db for Zw radiansm
high-power level --3db ptiak before .-

again dee'easing I--
vswn less thsan 2:4 over san outivo bend

- - ------- -- - -- -- nteq tieent memnory type, switchea in I fAicc with
15-amp pulse, with a 36-volt back voltage

Teenrature senslIttvlty ?'/*C/2r radiano
S 1eak power limited tosting, onve ton led to ±5 kw

Average power unknown
P1huse tolerance unknown .

V Present studies aire* direoted, toward the underuitandlag of LnZ'Hamed insertions lose with power
4ovel and toward accoptable thermal designi

*J.A. Weiss, "Advances in Frrito Rotating-Field Ptaser Design,"' 1962 IRE WESCON Convention Record, Part 1,
Paper No. 3.
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njo prtonofChptr 1 o evtedtoonines~p f onolineareor n.th tbrol mdeInte evlpmnto a iepesierlibl uneldod lw
nots preamplifier for phased array receivers,1

A brief review of the problems encountered Iineat year'sa work is g;Yuis (See, A), followed
ba discussion af the tunnel diode amplifier an a phased array component. An anlklysis of the

cliltculato- tunnel diode mp4ohacn adUt.mneso oftho-ffeot-remultingroi----r

-- ~ ~ ~ ~ F)I -r-~~teut fnonideal cirvuls~ors ittulnel diode amplifiers, Thisanalysis is followed by a discus-
sion of the parameters of olrcultitorB for phased array receivers,.

The prvactical tunnel diode amplifier circuits that were used tire giveq, together with expert-
mental data and performance specifications on the Circuits and other receiver components,

-A tunnel diode amplifier hans beon incorporated Into ain all -*alit!-etate receiver package.
Two f tese eceversWi1 be used inI conjunction with ariRF bearn-forming matrix and beem-

oteering hardware for the purpose of sttrIying such phased array reeeiviop problem. as the ex-
* traction of nionopulse infortmation, The components in the solid state receiver are described-

itlivtlllnBi concerned with the use of tunnel cited() down-converters,

Soimn undesirable interactions that are poosible when tunnel diodo amplifiers arre used in z
- superheterodyne receivers are discussed In Sec, C.

Vinally, the status of the evaluation and test program on sixteen oloctron-hoam parametric
amplifiers in the 900-Mcps phased array readiver is reported (See, tJ).

A. INTRODUCTION

The development of' a tunnel diode low-notse preamnplifier, described in tils chapter, is a
continuation of the work doeribed in an earlier report,"~ In that work the performunce a1 tunnel
diodes dporating as microwave A mpltfters was drumonstraind, but it Was r~alized that there were
many problcms to be overcome before a suitable phased array component cotuld be evolved.
Tnese problemns havelbeen overcome hirgeD'das'a iesult of an improvement InI amplifier design
and the availability or buttaer circulators.

It hadt been established previously that the circulator-coupled amplifier offered the best pos-
sibility of achiev ,Ing a practical, readily reproducible amplifier. Accordingly, a number of amn-
plifier designs utilizing a 3-port circulator were breadboarded. Severnl difficulties became up-

parcnt, most of them arising from the circulator.
First, the in-bujid rnalcis of lie circulator was not good. 'rie V.9Wi vnried across the signal

frequency range, causing the gain of the amplifier to vary. Th'le VSWtt at the edjges of the bond
rose sharply and the amplifier had a tendency to oscillate becMusc of this effect. Moreover,, the

VS W11 olt tte circulator out of bandt varicd wildly. Since tunnel diodes exhibit negative resistance

*J.L Alln, e al. 'PasedArre Redr Sudies, I July 1960 to 1 July 1961," Tuchnical Report No.236 11J],
Lincoln Laboratory, M, .T. (13 November 1961), Part 2, Ch. IV, ASTIA 271724, 1H-474.
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terat'lsieSover a very wul~e frequency range fromt DC up to the diodueculoff ttoncy, the
aniplifier was ceatruilily prone to oscillate outside the Dass band of the circullator. It was evi-

dent tlint the tulnel diode had to be damped resistively outaide the signal fl-equency ranige In order
to ensure stability, as well as to restrict the in-bad vatiations in circulator VSWl,,

With the. ob~seAlve oftosigning a cheap, readily reproduicible am, Pifer. all-/earlier.am-
plifiers were constructed in strip transmission line with a doublu grod plane enA sigglie ver -

conducti~v configuration, The diode was mounted across the line between the center conductor
and one ground pl ane, in all unalanced macnnay, The unbalance tended to g~e.etnie a parallel-
plate mode of waoe Orbpagaitiob, The use .of shorting lacrews between thle grotind planes did not
provide adequate mode suppitesaion, Osoillations tended to be set up, eiihori/because of the An-
iroduction of inductance in series with the diotfe (Peuin omtiubladr s ic-- -

line caused by the method of. mounting the diode) or because of a reactive ,i~pedance introduced
by the parftllel-plsie mode of propagatioil. This soture of trouble has bejn eliminated by the ume

of "rnicrobtrip' conotrueflon ihiittiliaes a single ground plane and ;ing)e conduotor,

Anoher feature of previous design work wits the vl~e of coaxial mo~io Tnioik frD
bast injection, Those have been. eliminated, and a bias network hits been integrated into the Am-

plifier design,. ,

Diodesitido by several manufacturoe were used, and It became apparent that no nommner-
eily available diode had adequately pont rolled parameters. In order to favilitate the designing
oif amplifiers weith similar characterimtc diodes ar'e now purchased with a specified miinlta ton
negative resistance:

With increased circuitry experience end improved components, it has been possible to builtj
stable, reproducible amplifiers,

B. TiUNNEL DIODE,. AMPLIFIERS

11 Tlh6 Tunnel Dtode -Amptfliiei as a Phased Array Component

The fundamental requirements for a phansed array RFi preamplifier arc) that It have adequate
gain, sensitivity and bandwidth compatible with the desired over-ail system performance; it
should be inexpensive, reliable and easily reproducible; any pair of amplifiers should track In
phase and amplitude over the signal frequency band, end .it Is desirable to have a linear phase
vs frequency response for short-pulse reception,

When the expanse of installation and mainteac oalrearay of aboi 1O~ rece Ies
is considered, the cost and reliability factors art of paramount importance; the simpler and Ile
complex the design, the better itis. At the maoment, the tunnel diode ampl1 fier still appears to

be the buot compromise between electical performance, cost and simplicity at frequencies in

the high till V' through L-bajnd region, It is unfortunate that the tunnel diode Must be used in con-

Junction with a circulator, because the circulator is easily the most expensive component in the

amplifier. For thlg reason, the transistor may yet replace the 1,unnel diode in the WHlO range;

however, the transistor has yet to equal the tunnel diode in noisie fGgure in the L-band frequency

range.

A useful property of the tunnel diode is that it is inherently a wideband device arid is quite

capable of )rovidinug any bandwidth that a practical array might require. Whiie it is true that

there are other classes of low-noise amplifiers tiatt have a tower noise figure than the tunel

diodle amplifier, the advantages to be obtained from using the tatter probably otutweigh the dis-

advantage of toss in sensitivity.
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H -owever, one disadvantage or the tunnel diode that might weigh hoavily against it is 14~
limited dyn amic ranige; aturation output level Is about - ?cbry.. This co uld be extremely -
nificattn in a multiple-target environment whore there is a wide variation in tfirMuAUruss sect ion,

A possible configuration for a radar that has separate transmitting and receiving arrays in
shown in ilg. a-a8, A tunnel diode amplifier is placed behind every atfltrtia element,. The tunnel
diode amplifier outputts arc combined in a beamn-forming matrix; The source impedance Seet! by
each amplifier is equal to the driving Impedance of' an antenna element as measured in the array,
where the effects of mutual coupling greatlymodify the behiavior of the elentents in free space."
The antenna VSWR can be Ea high as 2,5: 1; ioreover, the VSWI1 inst function of, scan ang1e,

toutput match is likely to be muoh better, Measure meats performed on at 16 -element

-beam.-forming matrixt iadioate a maxiniutn VSWR of L.3.
A possible arrangement that utilizes a single array for transitting and receiving Is shown

In Fig, 2-29, A cluplexier consisting of a circulator and solid state switch combination provides
the required protection for the tunnel diode, during trandmi3flon. The advantage of this arrange-
melit, apart from the reduction In cost oblined by the elimination of one array, is that it can
use. the same set of phase shifters for transmitting and retliving, In this arrangement, the
reverse isolation provided by tii elplexer circulator reduces the effective VSWRA of the antenna I
element. Ekimilarly, the output match is set by a circulator that routes the signal to the phase
shifters, For this arrangemtent, both the input andoulput VSWR could be held to within 4.3.

teoperation oatunldiode amplifier an htsteps should be taken to minimize the input and

2.Analysts of Circulator-Coupled Tunnel Diode Amplifier

a. Scope of Analysis

Tlhe purpose of thie suction is to derive acme mathematical expressione that describe the
performance of a tunnel dlode rufleetion amplifier in asociation with at circulator, 'Froml the
point of view of negative resistance amplifier applications, circulators are far from perfect, In
fact, the circulator modifiesl the amplifier characteristics to the extent thast tite design of the
amplifier must be tailored to, accommodate variations it circulator parameters. In tho following
analysis. the tunnel d~id Is treated as a single, lumped mismatch on one of the circulator ports;
arbitrary mismatches are also imposed at alt other circulator ports. The algebra iinvolved has
been facilitated by the use of the topological circuit analysts.

b. Introduction

For reference, a typical tunnel diode I-V characteristic and the equivalent cirtuit aire shown
in Fig. Z-30, anti a simple reflection amplifier is shown in Fig. Z-31. It is assumed that the reader
is familiar' with the elementary principles of tunnel diode operation,$§ At high frequencies the equiv-
alent circuit of thc diode may be represented as a negative conductancc G and a susceptance B.

*J.L. Allen, etchl, Technical Report 236, Part 3.

t lid., Part 2, Chi.1; W. P. Delaney, pp. 34 und 35 of the present report.

t Generel Electric Company, "Tunnel Diode Manual" (1961).

§ M. E, Hines, "H igh-Frequency Negative-Resistance Circuit Principi.. for Eseki Diode Appilications," BSTJ

39, 477 (1960).
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Fig. 2-30. Typical tunnel diode I-V,
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Fig. 2-31. Tunnel diode reflection amplifier.



Provided that the operating frequency is less than about one-third the cutoff frequency of the itode,

both G and 13 vary only slowly with frequency. The amplifier shown in Fig. 2-31 has a single-

tuned circuit response; the diode has been tuned into parallel resonance by a shunt inductor. The

amplifier is not restricted to this type of tuning: however one may choose to tune the diode or

arrange the layout of the circuit, the amplifier can always be chitracterized by the mismatch it

presents to the network to which it is coupled. For example, when the umplifier ir uupled to a

circulator, the mismatch represents the difference between the characteristic impedance of the

circulator and the tunnel diode amplifier. At any particular frequency the amplifier reflection

coefficient p can be represented in polar coordinates by p p I eJ¢ For amplification to take

place. I pI must be greater then unity. The coefficient IPl roust take into accoLint the variation

of amplifier gain with frequency; (D acecdunts for the phaAb shift through the amplifier.

,, '2 "
RNFLCTION ,

SIGNAL Ipdn*t~AMPUITUOKf -91 2.

I TRAN BM E LII

COEFFICIEtNT - C •• .

Fil, 2-37, CIrculator-coupled ampll lar,

The complete circulator-coupled amplifier is shown in Fig. 2-32. A s-port circulator is

shown for the purposes of this analysis. Mismatches e~icrual io tih circulator have been arded

at ports i and 3. The mismatch X at port 3 may be due to an external component, such as a

mixer or an RF beam-forming network, or it may be due to an internal mismatch hetween the

two 3-port circulators that comprise a 4-port circulator.

The mismatch R. on port I is considered that of the receiving antenna. For complotenns,-,

the inevitable length of transmission line between the antenna snd amplifier has been included.

h'is may or may not add significant loss, depending upon its length, but it will certainly intro-

duce an additional phase shift.

Tile circulator is characterized by insertion loss S, leakage paths 1, and reflection (iitr-

nal) at each port r, together with their associated phase angles. The circulator is considered

symmetrical.

c, Scattering Matrix Formulation

If voltage waves E,~ I, 5EC sigif ic-S SL
S Iae incldent at the circulator ports and E Er

flected or scattered waves at the corresponding ports, then the two sets of waves are related by

the matrix equation

'6



Rfwigaanto rig. Z-32, lot us conseider that a voltage waev mltd nI nietat

the ntena. Acertali fraction 8 ig coupled into tihe iput iratsmiaation line. tu Lhu amplifier

adacranfravction lia i rufiacted; phase anglesR .i andl X. respectively, ae to be aseoeateci

wihteequantities.

IE Istevoltage wave scattered) into free s~pac front thu antenna, then

L0  fltIn + SaCE1  'jr wv~apltd iisicdn

d, 8ummary of Symbols Used

Symbol Magnitude and Phase

Circulator mismantch r 1r.

Circulator transmission pathi S 1eI Sc
Circulator leakage path 11 lLlei'

Antenna miamatch R I la leiI

Antenna tranainission sa 1s'e 1

Input transmission line c leg

Tunnel diode amplifier mnismatch (port 2) p P pd

Cupu msat ( rt, 3) x We c

417



t'tgivc -13 shows tile comploeto uigot fl)W -g14I)Ilt VrepreSentRnilos ' Of the .1-1)ort Ci iou In1tol1

t with external, milamatechos, Signal Clow-gviiph "aslysis purnlite the nint cix trcqe. (1) iind (2) to be
iiolv~d reall(y, -.

E-

Fig. 2-33, Flow-groph representation or oarculator-coupled tunnel cdiod. amplifier
with arbitrary mismatches ait Input and output ports.

'The i cansmission between iusy Iwo ntodes is given by Mason's ruoe

k

T VUJIiTI d mii (0- to-sink granph tra rriA i leion

1,kIrn~lsino i kII oiirce-o-iiik path

A graph Ot i'wlin i nt

Ak cofaci or of t he kIh at

tThe deftinition o1 I Iho g r11ph 11010r~lin 0115 is

j ,i k

wier the [Tic's :1-C t11e valus of ott feeodbacek loops and Lt10 T a,' are I he produicts of pa ire of

i I

Strict ill thai
t 

no)loopmrsor pllrtlcts iof lilps that I oui li te k iiiiljeOipth110icomt.

*S.J. Mason and it.J. Zimmerman, Eleqcrniq Circuits, Sig abs,and ~yterns (Wiley, New York, 1960).
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C. civitoiht on of Amplifier Cin

F .ile amnplifier gain, 1Ciluding the effect of 2irct1Lutor loss andi terminal rofeoctions, Is given

by 11w tratio E8 /n'Pfi3 1
Tilhe 'tb-oct Iranemissions between input and outpunt and thle loops can bei written after Inspect-

* tiottofiFig,2-33, -,-

Lamp Tr 4 ~ ~ sin

z It z
P gSowC P -S CS p

- =-'1 XSpL

Tf XSLC a1a

a a

Tits, the graph determinant is 7

Att

Hulnco, sf111r substitution uf Ihs f Lc~e ttlfit S ill Ekj .M. It follows I list

SpXI,~Ip (,1SL.pIC.rlrpt - rRljC trpiC SH.C LI

g. Caicul at ion of A mpl iir Input Mat ch

Th. inipo reftletion con [ficient is given by thec ralo in-S/hi Afte r c arroeraliag the divred

ransmilssions and loops:

LOOPS irect T1ransmissions

3 Pr 1,3 8 SI

49i



irct 'rnasmlss ions

4 P4 :-xnc1,

15 = Mu 8 PtS p8 xIc Is~

-I' '-Nut?2 !3  
C . P

7 il1

we see that

A (Irp) 4 .- r~tC) - t102 0 -Xjr IS
3 C 2145 pAl SpL ± SLCURe+PJa

2 2 2 3 ar-cr- Re r -'3SpLR arC rpflaC A

ant r - X -. 1:l

A - I..

-Hence,

E Lr 1 r n, -F--- 'pX +ISX - 3L-S.Xpr
k

- r( - rp) (I -Xr) +t'SpLj15

Equations (4) and (5) are exl remely ecoplicated to work with, and little can be gained by

pursuing their excel soletton, However, somie specific, eases will he vxand.

It. Amipjlifioer with No Mis matches at inpUt arid OUtput 'Tenrminas

'Ihe tunnel diode amiplifier power gain is ofte n takori to lie e qual to Iu 2j.I can tie seen

front the above expressions that the power gain andi Inpot nvatch of the amplifier are extremely

depen dent on the ei-cotlator parmeters - IsialIly , tire a mpl iir is tun ect up aniac iraot ed on tile

bench rather than undeir system operating conditions, with the input sect otitpot ports wet t P-added

to avoid spurioaus effects. In artier to exam inc Lbhese cointit ions, X anad It arc set, equal to zero,a
and C and S are set equl to Uinily. 'The expression

aS



y- becomes biqual to I, f(6
rp()

it can be seezi mat the output from the amnplifier Is composed of aL small term due to leakage

fopotito port 3, plus a much largev contribution dug, to tbe gain of the tunnel diode d. Fo-
a praotieul nlrculator, tU Is never woree tban-aodb (iae, a voltage ratio of 0. 1) within the pagse
band of the amplifier,. If the amplifier Is adjusted for 6tny reasonable value of gain - for example,
17 db (a voltage ratio of 7)1 the leakage contribution Is negligible comoaDred to the amplified con-_
tributton, H-ence, .-

'~a ? - e

in z-p l-irI 7,- (,Ios+ 4b) + IrIa aP /

The ratio E/ Is extremely dependent on the magnitude of both r~ and p and their phase
j;iffurene. Connetdat A diodo chosen to have~ a terminal p egativa resistonce of 66ohms, and

F . npnuma the cIrculator VSWR to be 42Z or less over the frequen~y range that is of interest The
-.. -nomninal power gain, found by setting r -. 0, is appruximkatly 17 lb (P - 7. t)

The minimum possible power gain in obtained when reflection from the diode in 180' out of
. -- phase with the reflection at port 2 of the circulator. .. The..mrinimum power gain is equal to

j(jI0jI pj1/I+ Irl JpI)12 or IZ.6db.1 Similarly , when the reflections are inphase, the maxi-
mum possible power gain Is obtained and is eqU4l to [(SI.pl/(l - I II PI) 1, or Z6 db. -

It ls our experientce that. Ibti VSWR of most ciroulators approachea 1,2 ovir some region of
the pass band; aloo, tunnel diodes supplied by the manufacturer under a given type number can
have a spread In minimum negative resistance of at least *10 percent. These parameter veria-
tions make the task of designing a. number of amplifiers with identical characteristics extremely
difficult,

It is evident from the cond~tiont of maximum possible gain that, the pruCut I i, must be
less than unity to guarantee attibility. For 4-7-db nominal gain, this restricts the VSWR of the
circulator, to less than 13 2.

One of the problemas in ensuring stability Is that the tunnel diode amplifier may have gain
greater, than unity over a frequency range considerably in excess of the signal hnkndwidth, and it
is necessary o make sure that the criterion I I I I < Iis obeycd al any frequency. The circu-
lator should, 'therefore, nave a bandwidth wid~r toan thAt of the amplifier.

A characteristic common to many circulators is that the VSWR is a minimum at the band
center and increases on either side toward the band edges. Hlence, the gain variation from
amplifier to amplifier Ht the band center may not be as great In practice as indicated In the

Tfhe variation in circulator VSWI1 af,;,oss the band can be put to good use; If the amplifier

is tuned to have maximum gain of the cente.r frequency of the circulator pass band, the increase

in circulator VSWR at the bend edges can be made to compensate for, the decrease in diode re-

flection coefficient in a manner that keeps the over-all gain of the amplifier constant. This can

Ie seen from Eq. 17). At the band edges the numerator S 2p decreases, mainly because of the
decrease in p with frequency, but p~artly because of an increase in the insertion lose of the

5 t
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circulator. The denominator -I - r'p In thle gain expression is very sensitive to changes in theW

pr'oductt IP. WhICh1 may bit maIc to Vary So that the magnitude IS p/(l - rp) I is reonstant with fre-
qtrency, Ilowever, for ibis to occi., botb the magnitude and phase of I- inust~ vary with frequency,

To otain the right phanse relationship), the disiahuce of the diode from the circulator must be
chosen correctly. 'ThM correct distance is best determined empirically by constructing severatl

circuits, each with the diode mounted IIt n dIffferant distance fr~ni the circuiator, and selecting

thle cici 1at given the flaiteost gain-frequency ehareetoristic,

4
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The input reflevitoo in composed of two ten s one t! dlue to thle inherent mismatch of the
circulator alone. The other term is due to part of the signal that Is amplified by the tunnel diode
and leaks back to the input via the leakage pa~th from port 2 to port 1.The miagnitude or the

P firszt term is rn which, for a maximum VSWR of t. Z, ia equal to 0.0191. The magnttude of the

latter term i9 equal to

Taheo extem tha e the antude l of te obaere inrelctied bygaing u les tha ) nit o .otuatly

Whpen amplifiers are purihsertith la) ,0(Od isolation ) spciiato of 7Adb mi imum, Thi imle

I'nmax

T ihre 2-35lt sh eows at ep fauec tlt tfipthWRe rqiec o tunnel diodeamlfeinupotIhgly is
umitfioi onder tng s at90ps coniti0ons an. mp hfed sinainum Sr ed at tieIptheI nter

look, ino te in6ut f.,rminl, arefectin gin geote thn unty i oberve. Inordr- ti en

a VW fig. 2U. Usingo tunset viodesI c e f ov exrsiooeban

(marers t 88 end920 -ps)
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frequency of the amplifier, was 3 S:1. The VSWR plot has the same si:'pe as the amplitude
response at the amplifier, which had a single resonant circuit. The plot Was obtainedi with a
reflectomeoter technique. The second trace in the picture is of n standard VSWR of 3:1 used for

1. Amplifier with a -n External Mismjitc at the Output Terminals

In considering the effect of a mismatch at the output por't, some a pl'iori restrictions can
bo imposed on the value of the VSWiR to be expected. It is assumed that the VSWR will not be
greater than 1.3, which will be the case If the amplifier ia followed by an RF beam-forminj net-

- .workqtr e cryistal mixor, In tunrel Jtiodu applications, it io usual to use a balancedl mixe ' In

___ --- orde~r-iinimize 1ocRl-osaillator-leakage -into-the-tunnel- diode-- n-partioultari-for mi-applti-
entiont whore packtigIng im of Importance, the mnost guitable type of balanced mixer uses a 9011
poaxial hybrid., These have the additional advantage of presenting a-reasonably good match to

' '~Lgnni frequerltelee typically, the V.AWR can be kept witilif 1.3 aver the pass band.
-For the case of a good matobilat the Input of the amplifier, the gain of the a hplifier, from

1rrt. (4), Is given by ~ - .. :

r3 St~ l + I yI 8

kind, by rearrangmn~t of Scq. 'Sj Ibe Input refipotlon qqfffolnf 'is found to be -

E.~ +-Xi g+ SL ZS Lr) + Sp L

The magnitudes of the various turrd's in these expressions are listed in Tlable a-II;,, The
characteristicsa assumed for tfie circulator are typical for receiver ttpplicaiio": .3-db ineer-

lion loss (S - 0,96), 25-db minimum isolation (L - 0.056), VSWR 1.12 (r 0.057), When the

leas significant termi are drbppvd, tile following approximations hold:

S2

L3 - _ + X1

It can be seen that the gain is nt greatly affected by the mismatch, but the Input VSWIR is affected.

From a physical standpoint, one can see why this should be so; a VSWR of 1.3 Introduces a re-

flection loss of about 0, 1db. Hence, a small loss in gain due to reflection toss is to be expected.

However, most of the energy reflected fromn the Output prrt of the circiulator travels back through

tile Path from port 3 to port 1 praclicaliy unattenuated, and a very small fraction Is returnued to

the diode An the lenkage path between ports 3 and 2, Thle wave reflected back to port I is com-

parable in magnitude to the input signal, and it changes the input VSWRi considerably. At portl 1,

the reflected energy is almost entirely absorbed by the source impedance.
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TABLE 2-111
TERMS IN EQUATIONS (8) AND (9)

Numarotor Darle

060mty Magnitude OLeontity Maignitude.

5~ P 6.46

XSpL 0,049

Eq. (9) Xr 0,012

xS1. 01815 Xr 2p 0 0076
$PI' 0.382

XSL 0.009

J. Amplifier with External Mismatches at Bloth Inplit and-Output Terminals

In this case the energy 'reflected back by the output misiatolh through the circulator to the.
input port is not absorbed entirely by the input termination,, some fraction is returned to the

I'amplifier, therehy compi,"ting a feedback loop. The conditions for oscillation are much more
onsfll satisfed, and the gain Is highly dependent on the hilso relationships, betwen the various
reflections within the amplifier. The comnplete expression (Eq. ('il1 must be uised for the voltage
gain.

In a phased array recei~or, which has a tunnel diode amplifier, behind every element, each
amplifier will sinn at its. Input terminals the mnismatcth of the anoeiia olemOnt that drives it,:- trans-
formed through ai piece or intoerconnect in g transmission, line, In a worst-case situation, the an-
tenona VSWR Could ho as high ar 2.5: 1. In order to see the effect of such a situation on the gain
of the tunnel diode amptfller, the various terms or products of terms that make upl Uq. (4), the
gein equatten, have belen tAbualed in 'taile 2.IV, As before, the circuilator speolficetions as-
sumied arc: O.3-db insertion loss: 25-clh minimum isolation; VSWI1 =. 1.2 Further, it has been7
assumed that the tunnel diode reflection is 17dib and that the amplifier is working into a mixer

having a VSWRt of 1.3.
It van be noted that tlie greatest effect of external mismtatches on the gain equation is to

change thc tienollinator. The numerator is changed only by the multiplication term CS., which
is almost unity in magnitude and is important maiily for the addition of phanse shirt. Trho various
terms in the dlenominator can be regarded as reecihack factor's that can affect the gain tither ad-
versely or regoeuatively, depending oii the phase of the feedback. Thle three terms of major
importance are Ihe prortudis rp, Xllt0 U 2,s3p and LitC 2Sp. The first one, which (loce not depend
on the input and ontput mismatches, ia clue to multiple rrflecin hoctweur. the diode and port 2

ofte irclaorTh seon temX~u 2S 31a is duc it) a sinall fraction or the amplifiedt signal

55



that is trefleet('.d at port 3 back throtigh the circulator to port 1. where -it is partially reflected
back into the amplifier by the antenna inismatch. 'rho third term, Lit C.8p, is the result of

V' the part of the signal that returns to the input via the leakage path, por t a topoit 1, within the

cIrculator after amplilfication by the diode; it is partly re-reflected buick Into the amplifier by I
-The sum di' the dettonkiiw.tor terms In Table Z-IV can be -made real and equal -wuliy-by ap,

proprlate choice ol' phases; hence, the amplifier can easily, be made to oncillate. However, a.
far greater margin or stability wouild be achtievable ifrthe output mismatch were ellminatedi. A= very simile way of doing thiIs 1.touue.a 4-?ort circulator irw~tad of a- iporltUi rculutbr,

TABLE 2-IV.

TERMS IN EQUATION (4).

I, Numerator - - Denominator

Quantity Magnitude Quaentity Mantd

0CS2  5.9 rp, [0.405

SaCLL 0.005 LR 2Sp 0. 16

S CIrp 0.0204 rR.C 2  004

2 2r pR aC 0 0099

XRc 2S3P 0.348

- XSPI. 0.0496

Xr 0.0074

x XrC SpL 010036

Xr2 P0.003

XSCL I0.003
Xr 2 R C2 -

3P C2 xI-5

Xr1pRaC
2  6X 10o-

IS, 1 0.902 ILI nO.056 IXI O.13
1R.1-0.428 ISI =0.96 1I .

IC I = .0 -rI0.057
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It is now possible for mianufoceturci's to supply compact 'i-port circulators having a 25-clb
i,4o1atiOll, a 1. 12-dht \SWR and 0,3-dIb Inser'tion loss (port Ito port 4). These are essentially
two eirculalors i.1 L'aseaie; thluve is a mmtiinul timsolation of 25(11b between poirts 3 and 1. and anya
rleflections fromi portl 3 uare 1renlovetd fromt the system, A furthetir advantaile to be oibitailed froi

- .. . using ai .4-port ire Iao kill Io solatiln froti-\povt 3 to port 2 in expess of 40dA. Stich an Isola-
tion is hr.'.pfal to radiiiin tninlnqI. otdcltnr leaks-ot, from thte mixer to the diode. This Is a major
consaideration. because without the ndditiollal isolation provided by tile 4-port circulatlor, a localJ
0scillator, rejection filter or isolator would be necessary anyway.

F;or, phased array applications, as well as mtany others, tile use oY 4-port circulators 'In
tunnel diode arnpiiter~ s cnnsidvrii absolutoly ossetiial. Use call be made 'rLhlz fact, y Poittlaif U

___ ________ --- Xeqai--to-xero0-in tile gull) exprogsion; Tihe gotn-equation redutes try...................

KS CS

incl theo Input reflection cooriciont i.i t5 so lao _ _ _ _ 12~iiE
aa 8a Z(

Considnin noli tho offoct of thic antwina ,Veiiaction III on the mnuhdo of the gain, 'L' Ido this,

thp gala equation is. wrltivit asda

tT -7, t5 C flt- Z8

The fiactor S ~p(1 -0)I '11hr gatai Of IN' 1110pltfiel' as it is got tip in tI- ili abrt r ore
Installation InI thle Hystom. 11wi right -hanld sideof Ei q. (1!) has Its maximum value when Ihe d*4-
nominator is roat aind ininiin convergety. te ti inihilupi gain ia obt niped when the denominnfor

lsr a 51( mat i n Tu tr'cmI R1 
2Sp/(I -rp) has its mnaximum cfecci whe n r and p aro in

pha xc. 'Itic rmaxi11.1 nampossible ga in v.4 tin iiiot ma m. pons xllht goin iii expres scd as.

- +rIL I c i

1,it C* 2Sp

If thie aniplifier is Net to tiave a noiiiinat guin ol' 17 (11, then

311 lo 1 1  17 r7db

I ii leI

1 (1ti .7



Substituting the values of jma.0t and ILRaC2SPI from Table Z-IV yields

In orde r to obtaini amplifiers with closely mnatched electrical oharacteristios, the physical -
layout must be rigictyadhered to from amplifier to amplifier, Helnce, for any two amplifiers.
it Is not likely thatt the phase angle between the vectors r andi p will differ by a3 much as 180',
The gain variation from the amplifier will, therefore, not be as much as 4.6db.

This result Indicates that the presence of the mismatwh cannot, make the diode oscillate.
under any condition, It can also be shown by substitution of the numerical values Into lfq. (14)

-_ .. __ .that the -reflection coeffivient of the amplifier- is less than unity,
The phase shift through the amplifier and the way in which it in affected by the antenna min-

match are of interemt.
If the substitutions rR C2  V es"' and LR RC a Ap/(t - rpt W ei"w aes made, Eq. (i2 oanbe--- -

written as

j.S 5

- Ei~ \lin I Vojv-weJ

where

The qu antity IV e~v ban be written as V cog v + jY eln v. and W eJ can be written a W con w'+
JW slow; therefore, aftqr rationalizing the denominator,

ga! C I L 'j 0 tan -Vc ~ V sin) La- -

in) 114in o ( -V coov -W Cog W) Z+ (V sinv + W sinw) 2

'rhe total phase shift is equal to

+ Vn' Ysilly+ Wslow
tL+/I~taV ~coev - Wcog w

Now consider that the amplifier alone has a flat amplitude response and linear phase with fre-
quency. There is an additional gain and phase distortion factor introduced by the Interaction of
the input mismatch and the amplifier. Trhe phase term Is equal to

tan I I - Vo + U sfliW -

In order to get an estimate of this quantity, it is first noted that

W LR.C
2 SpI LR.C

2  2 LtC (E 3 'I~ -Trp~ S I -p S E in

58



Ar ..x:. -

If the quannities In 'Pnbie 2-IV are assumned and if IE 8/1'in 7. 1 (V db of gain), then W
i1 a pproximantely 7.1 thlnes tho value of V, Ilexce.

+The maximum.-value of this expression is approximately ton"~ W, or 10'.

kt, Conclusion

T1he performance of the aircnlItozu-coupled tunnel diode amplifier has been examined. It
*has been shown that the circulator "characteristics modif the performance of the amplifier,

the effects of Input and oUtput ntismaiehes are reduced by the time of 4-port uirculantors,._ but __ . ..

-. they still modify the P011rrmUnce Of the amiplifier, The residual effectm must be kept to a mini-
mtum by specification of high oi 7culator igoli~alun, Thes VSWR or the circulator can bo used to
obtain increased bandwidth by optimizing the position of the diode with respect to the circulator,

4.. Practical Tunnel Diode Recelvo.r Design
a, Bdasic Considecrations.

The problem of designing a workable, stable, tunnel diode amplifier Is mad e difficult by two
fundamental properties of the device:

(1) It exhibits the property of negative resistance from V~C Lo microwave
froquarici.es,

,A The tunnel diode is a two-termnal device.
The first property requires that careful attention be given to the value of the impedance-

presented to the diode over a. very wide frequency range,. The second property imlposes the neces-
sity for circulators,

The first stage of the tunnel diode program has been the construction of an amplifier centered
at a frequency of 900 Mcps, and suitabie for use in the.Lincoln Laboratory linear array toot Nail-
ity, The linear array radar transmitter operates with a 1O-pae pulsewidib. However, the dem
sign objective In the tunnel diode work has been a bandwidth more in keeping with the possible
requirements for an oper-alional array radar; It was considered that a few tenis of megacycles
would be satisfactory-for a first -generation tunnel diode amplifier. This objective has been met,
and further improvempntEi are being made to obtain a wiciar bandwidth.

b, Circulator l'a,-uietel'57

According to the foregoing analysis, the prime requirement for stability within the amplifier

pass band Is that the circulator should have as high an isolation as possible; 25 db is thle vaiue

considered mninimal for a gain of about 17 db. This implies that the VSWI( should be low, since

the isolati1on aind VSWR are directly related, It was also shown that stability is very difficult to

i1chieve if mnismatches are present sirnultpneously at the input arid output, and that the problem

is considerably lessaned If a 4-port circulator is used instead of a 3-port circulator. Moreover,
the 4-port circulator provides additional protection against local oscillator leakage, which should

be kept below -40 cibm at the tunnel diode, F'our-port circulators are being used exclusively to

this tunnel diode amplifier dlevelopmenrt.

59



INPUT TUNNEL DIODE
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PORT 4 F OT ig, 2-36. Pour-port airculator cofiguration;
TEROMAINUTT - (a) mechanical layout) (b) electrical layout.
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Fig. 2-37. Four-port alraulatov-chamacteriatlas. INBERTON LOSS ldb) 10 I

340 "eo 9 i 40

6 FP;g. 2-38, CirCulator nIpedanca plot.

II Frequenclee Ore given in Gcps,
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In order 'to obtain as low a noise figure as possible. the insertion loss for the path from .

port I to port 2 should be kept as low as possible, because this loan occurs in front of the diode. M
The effect of loss incurred beyond the diode is redtlced'4y the gain of the amplifier,

Melabs Company has developed a 4-port circulator (model X615) having the -following speci-

KCenter frequency ,.900 MapsI
Frequency range 850 to 950 maps

Isolation: ports 3 to A 25 db, min

F .Insertiotn Wost portm I to a 0,3db, max
Insertion loss: ports 2 to 3- <,d -
VSWR at port Z . amax

Tecptrature range 45! to 1201F

Nominal impedanoe 50 ohms

* ~ii TIe manufacturer supplied a, termination on port 4 so that th1e performanae of the circulatori

could be optlimiaed. Each unit hacd sufficient magnetlc shielding to allow the-oire"Ilaorm of tw6
nmplifiers to be placed in contact with- eaoh other without changing the amplifie ratrecs
The dirdensions of the circulator design were chosen so that the complete amplifier package,,
would conform with the plug-in module concept of array construction,-

-. The layout of the. circulator is Shown in Fis, 2-36(a) and (b), The unit consists of two
Y-eirculatore integrated into a mingle unit. The connectors are arranged in what, Is commonly
referred to as an H configuration; the tnput and tunnel diode am~plifier are on one side, and the
optput and termination are on the Iother, Figure Z-37 shows performancoe curves for a typical
unit. The impedance Wokng int port. a is given in lVig, 2-38. It canl be seen that the VSWR
climbs more steeply a), the tow-frequency end of the pass band thatn at the, high-frequency end,
It wae found in earlier experiments with -3-port circulators having only 50 Mops of band~lidth, that
ainplifiar instability occurred at the low-frequency end because of rapidly changing impedance.

It is or Interest to examine furtherthe advantages of the 4-port circulator as compared with
the 3-port circulator, In the case of the 3-port circulator, the leakage from, say, port 2 and
port I can he considered due to energy that travels by t he direct transmission pathI from port 2 A

to port 3. At port 3 the energy is not all absorbed by the termination because or an imperfect 4
- - match; therefore, a small amount is reflected back int the circulator and travels along the di- -

rect transmission path, port 3 to port 1. T1he circulator action produced by the ferrite is as-
sumned to be perfect, so there Is no direct transmisgion from port 2 to port 4.

Similarly, the leakage from port 3 to port 2 can be considered the result Of R direct trans- -
mission from port 3 to port 4, plus a reflection duc to an imperfect match at port 4, and, finally,

a transmission of the reflected energy from port 1 to port 2. There is no direct transmission

from port 3 to port Z. A similar argument. holds for an explanation of the leakage from port I
to port 3.

Let the leakage from port 2 to port h e 25 db; this Implies that 1/316 of the incident energy

that travels to port 3 ia reflected and arrives at port 4. M-enea, IrI 1/316, which gives a

reflection coefficient of 0.056, or a VSWI3 of 1.412.

61



. -.... .

Consider the transmission from port Ito port 2, rThere is no direct traosmi'~eton via the
ppth I to 3, because this: is against the direction of circulatton. There is a reflection loss at

*port Iwhich, together with a small dissipaive loss along the path I to Z, Co~mp)X'IAQ the in~gortion
loss, Similar explanations hold for the transmission between ports Z and 3 end between ports 37
and L

It can now be seen that in ordst' to maitaiinhigh isolation and low insertion lan, the match-
at each port should be good. Suppose that a 3-port circulator were to be uaed in en arva)) where-
the antenna VSWR at Port, I in 2.5Z I (a refleotion coefficient of 0.43). The Isolation betwe On
port 3 and part 2 would fell to 7 db Sitnilarly, an, output mimtch onl port 3 reduces the Idols-
tion on path 2totI.

He lfwnmv Ita the-layout of the 4 -port-a crou lato r-given-in-Vi gT -36 (b).-The-lntevnal-portB,. : .

where the first and second 3-port circulators are mated, are designated port A and port 8, re.
a spoctivety IThe leakage along the intornal pah port 3. to pUrjtk does not vary with the loadIng on,
ports i and Z, becauqe port 4 is terminated Lk~a well-mat~fhed load, In pretiQeA the isolation

*mufteured botween port 3 and port lI I eq~ual It th e isolation frorh-iport 3 to port B3, pius the in"
sertion lose in the interconnection port B3 to port A and .the insertion loss along the forward
tranxmisuton, port A to port -I, This i~found to be virtually Invariant for the impedfilia -plaod
on port 2.

nf'ort I is well-terminated, the Isolation obtatined between port. 3 and a in roughly equal
to iW i the isolation obtained Witth a 3 -port circulator (in excess of 40 db). The least liolation
between-port 3'and port 2 wouid be obtained with port I open-:ntrouitedi..itwould be roughly equal
to the isolation between port 3 end port 1, For thel X615 circulator, th~sin aos db, intrum, and
typically 3 0dEb.

-- The flow~graph analysts of the circ.ulatoi emphaslvmd the importance of maintaining high
isolation between port 2 and port Aitt the circtslator-coiiipled tunnel diode amplifier for stability
reasons, In the 4-port cir'culator, there is e stage of fisolatioti between port 3 and port 1. Hence,
the isolation between port 2 and port 1 is fairly independent of the loading Oni port 3,

-It has been shown that the parameters of the 4-port circulator are far less sentsitive to ax-
ternal mismatches than those of the 3-port circulator, The results of the analysis of the
circulator -coupled amplifier could be applied to this problem simply by assigning the Appropri-
ate value to p. the mismatch on port a. In the case of the amplifier, the imperfections of the
ircultiLor were magnified by the gain of the tunnel dlodOl.

-In conclusion, the difficulti.0 cxP~ricncad in the ap.~ration of tunnel diode amplifiers has led
to the specification of high 11solation arid low VSWR. In the specification of isolation between

ports 2 and 4, an extra requirement ts now imposed: the isolation should not fall below 25 db

wheii a sliding short is placed on port 3 and its position varied through 360* of phase.*

c. ihe Tunnel Diode Amplifier Ciircuit

The tunnel diode amplifier design is shown in Fig. 2-39, The design utilizes dielectric-
filled microstrip transmission line. T'he heart of the amplifier is a piece of 50-ohm transmis-

&ion line about 3 inches long that is connected to the ctrculator by a right-angle strip line to N

transition. Tihe strip line is terminated in a SO-ohm load to enisure u good wideband match.

eThis test was brought to my attention by Mr. john Sie of Microstate Electrenics Company, Murray Hill ,
New Jersey.
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z ~ ble. A hole Is drilled in the dieleotrie for Insertion of the diode, and contactisa madc by a brass

screw moxinted on the ground plano. The brass screw is tipped with a sold-plated nickel bellows

spring for the purpose of cushioning the contact between the screw and the diode -

The SO-ohm FrP termination provides the condition for DC stability; namely, the external

resistance seen at D)C by the diode across its terminals must be less than the minimum negative -

resistanice of the diode, nominally 60 ohmis. This tal minetion also provides the necessary AC
stability outside the pass band of the amplifier. Ihddiode is tuned into parallel resonance by

placing an liii short cirPcuit between the center conductor and the ground plane of thie strip trans-

mission line at an appropriate distance from the diode. The distance is leis than X/4, No the

transmission line appears Inductive at the diode and is chosen so that the total eapacitance at.th

diode Is resoneted at a frequency of 900 Mps. The total capacitance at the diode is made up of

the diode equivalent parallel capecitanco plus the case capacitance, and the discontinuity capaci-
tance set up by the Introduction of the diode intdothe strip line structure.

itnhe Reo short circuit is achieved 6y shunting the strip tine at the appropriate point with a

quarter-wave open-circuited stub. A modification that provides the feature of tuning is tarmi-

nation of the stub in a variable capacitor. In both cases the equivalent circuit of the stub is a

series trap tuned to resonance at the sene frequency as the parallel resonance of the diode, iLe.,

90mops. The Q of the series trap must ba didy thccc :'ctres :

(1) It must he large, so that the P1" termination is virtually shorted out
over the pass ind of the amplifier.

(2) It must be large enough so that the series trap has a high impedance
outside the range of frequencies where the amplifier must provide gain.

First, consider requirement (1), igure 2-40 shows a plot of VSWI vs frequency for the

amplifier, looking from the circulator into the strip line connector with the diode removed from

the ci coi. The VSWR is fairly low except in a range of frequencies where the stub behaves as

a short circuit; over s i00-Mcps bandwidth the VSWR is at least 30d . Outside this range the

This bellows was reported in TR-236.
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Fig. 2-,10, V5WR of luiirtl dioe. ampliffor etroult (dioe. removed).

Fig. 2-41. Tunnel diode circuit impedance.
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VSWRt drops rapidly. The combined effect oIf the RtF terminationand the trapas seen by the diode _

In the puss band of the amplifier Isi illuatratbd on a Smith-Chart admittance plot in Fig, ?.
The series trap is assumed to be at resonance,. and there is a voltage minimum on the trans-
migalen line at this point. - Hence, the admittance in real and at a maxilmttm. This is shown

*by point A on the chart . 'The distance from the voltage~mode La~the diode for this particular ( -
ampli ler was 0, 18 k By rotating the;chart a. distance of 0i&X on a constant ISW6oief

-----t-.6 (30db) towturd the generator, the -admittance Is transformed to the p~oint 0.041:- J0,46, The
Imaginary -part of this admittance corresponds to the, shunt Inductor that brings the diode into

... ~ parallel resonance. The real part of tlp admittance In an undesirable dampaing term,.

7- -- c"ILI I- 9LO FG

F ig. 2-42. Equivalent circuit for noise figure calculation,

* .To estimate the effect on the poise figure of the dampinjterm, see th e'quivalent circutt-
shown in Fig, 2-42, In this aquivalent circuit there are no reactive terms, because tile diode Is
considered to be tuned, The term cl. represents the circulator c~onductance pt~eaehted to the

dioe, he uanityG. lfis that pert of the diode shunt conductance duo to din to i h

diode, represented by r5 In Fig, 2-30. T'he 0N'q In the part of the. diode shunt c Inductihnce due
to the tunneling effect, ON being negative The term G L represents any additional circuit losses
excluding the damping effect of the RF termination; C1RT represents the damping term.

-2 -2 -2 -2
The mean sqilare, nolme currants associated with theme condutctances are t0c I, IfJ~ and

IltRV respectively, Where

liic4KT1310-

- -4KTr(ia .5

t K N eq

L 1,

R tT 4KTBit1

'rhe nnise power out of the amplifier =(KTB/Gc) [(Go + G, U + IC N + L, + G R1trnbgl
of amplifier. The noise power into the amplifier =KT13. By dlefinition,

nois fiure noise power out referred to the input i
nois figre _noise power In

G; IC + G L G R
- G c C

C c C c
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If we let Mbe the noise figure of ihe amplifier. without the contribution of the damping cotiduct-
ance G Ttaken Into account, then

noise figure =,N -

The intr~ui-1 n'iE ura obtainable with- it germnium diode in about 4 db. that obtainbewt
a gll~m-ntionii~diode Is about 3 db. Suhstituting these values forNan004orOTc

weo find tht fho ndrtitional damping imposed by 0 RT increases the inoise figure by only 0,08 db for
the germanium diode and 0. 1db for the gall Wm -ant Iroice diode.i

In order to estimate the. effect of the damping term an the gain, t is assume thM the cii'cu-,
latorl xda ae thttepwrgiijnit h qaeo h'.Vnitude at the reflaqtion
ecefficienti

~ 2

If we 5tub5tituto
I a. NegI7onei~iL -1

then

II

Assume that the amplifier has 17 db of gain. Then, if the damping term is ignored,
ot0.753. By substituting this -value, and putting G RT/aC equal to 0,04 in Eq. (14), wfe reduce

the gain to 45,6db. Unfortuiiately, the ratio CnR/(. is not constant across the pass band be-
cause the impedance of the trap changes, causing some loss in bandwidth.

In summary, the Q of the trap Is sufficiently large so that the RIP termination contributes
little to the noise figure of the amplifier, but some small decrease In bandwidth tip .. at

Consider now requirement (M, that the impedance of the trap moust be high outside the pass
band of the amplifier. Tf this condition is met, the tunnel diode becomes resistively loaded by
the RIP termination, and the possibility of oscillations is reduced. Referring to the VSWR plot
in Fig. 2-40, we see that the VSWR is quite low outside the signal frequency P'angs. In practice,
it Is found that adequate damping Is provided for the suppression of oscillations. An extra mar-

gin of stability is Pr-ovied at the signal frequency band edges, where the VSWI1 of the tuning

circuit is still high, by specifying that the circulator bandwidth be twice as wide as the instan-

taneous bandwidth of the amplifier,
The tunnel diode amplifier in designed to operate from a 6-volt, DC power supply, A po-

tentiometer divider reduces the htAs tO Aut 110) mv for correct bin.9ing of the tunnel diode;



--------

thle 50-ohm il lotrmihation forma part of the bias network. The complefe amplifier requirvs,

loss than 4 im of eurroni, There Is n DC block between the iirculator and thle tunnel diode, At
a fr'equency of 2010Mcps. it is still possible to use a lumped capacitor, and a silvered miicea ca-

pncitor without wire leads wee used, Above 900 Mops, itin possible to modify the connector and
build a coaxial capacitor into the center conductor, . - - - - -

-- The I plifior Is enclosed In an aluminum box to provide ItF sbielding.. The acapacitance be.
twoen the box and the amnplifier cireuit modifies the performance or the amplifier, and has to be
taken Into actcount in the viesign, Dis connection Is made into the amplifier with an Erie feed-
through filter, -

The diode used in the amplifie r haes e nominal minimum negative ranisatance of 60 ohms, Thin
._auo waa.sebomenB o-thol the -diode- ceuld-be-bi~aed- -at-a-voliege-eotnewhat-in-excesks-df trvalua--

requlired to give nnXmaimm gain; tiid ble point was chosen to give minimum noise figfure. The
gain <Was -17db. The diode, Microstate MS1O41,.hats the following Lopecifications;

P~eak. ou reent, 4 ,65 ma A 40 percent
Noise constant 1.35 max .

Capactance3 to 5 pT
.Minimum negativei resistance 60 * 2.5ohma

SerieB resistence 2 ohms
Series inductantie 0. 3 ni&h

* - . esistive cutoff frequency 3A5 UcpQ

Self-resonant frequency 4. 5 Gaps *

Peak valley ratio Bi I typical, .6t I max-
Peak volttage . , 5 my typical

Valley voltage 275 nlv typical I
Material germanium .

A number of amplifiers have been built to this design anld these perform In a similer maner.
'rypically, the amplifiers have e 40- to 45-Mcps 3-db bandwidth at 47db of gain antis broadband

*noise figure of 4.3 db. Eight of these units are now being installed In the phased array compo-
nents test rack for long-term phase and amplitude stability tests, 'rhese units are shown mounted
on the rack in Fi'g, 2-42

Plots of gain vs frequency for two of these amplifiers are shown in F'igs. 2-44(a) and (b), and
the differential gain vs frequency is given in Fig. 2-45. It can he seen that the gains are within
I1db of each other over the entire signal frequency range.

Trhe phase shifts through the amplifiers vs frequiency are plotted in Figs, 2-46(a) and (b). The
plate are somewhat S-shaped. More deiailed plots over the frequency range 890 to 910 Mops are
given in Figs, 2-47(a) anti (b). These plots are nearly linear. The differential phase vs frequency
Is shown in Fig. Z-48, It can he seen that the differential phase is within +1,5' to -1,0* over thle
frequency range 890 to 940 Mcps,

d. Wieband Ampifier

A widebend amplifier that Utilizes .-; residual VSWR of the circulator as a tuning element

is shown in Mig. 2-49. Thue distance from the dliode to the circulator has been optimized to obtain
the most favorable phase vs frequency relationship. A second tining element has been introduced

at the connector in the form of an open-circuit stub.
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Fig. 2-46, Phose vs frequency.
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The swept frequency rsponse or the amnplifier i shown In Fig .O0 The markers are at

860 and 9 5 MepR. the 3-dh bandwidth Is 1 AO Moe and the gain at o inter frquenc 7a db A
20-cib gaiin reference level is also shown in the pletidre, This widoband amnplifier will supersede

the narrowband version,

12
Flo. 2-40, WIC141anci emplilr rispanus (markers at
860 and 955 Maps). Top trae roferenae at 20cib . 3
201n low*v trace ampi fler respone (17-db maximueI

e, Tunnel Diodes I

amplifiers,, O ne type Is macie from doped ge:'l~rnantin nndo from doped'gallium antimonideTotpso omral vial idsae kia'efrueI o-os irwv
The essential differences betweent theme two types are brou~ght out Ink Fig. 4-51, which ;howt

the 1-4 ul cteriAteS for a germanium diodo anti a gailium-an(lmgnide diode. Eatch diode wasj
E selected to have a negative, resistance of 60 ohms. The optimum bias poinit Is a(t ahigher current -

forlhe germanium diode than for the QaSb diode), The main contribution to the amplifier noise
is givoti by the shot-noiso term 20 In1 I where I~ Ia tha DC bias cure,'nt- For these diodes.

* R.1 ha. the same value: 60 ohms. Hlence, the ratio of the shot-noise contributions is equal to
the ratio of the DC bias points,. The lower shot tioise of the OlaSb diode gives liten improvement
in noise figure of approximately 1.0 db. Substitution of the QaSb diode In the 900-Mcps amplifier
gave a noise figure of 3.3 db.

It can also be seen from the curves that the range of the linear ttgativa resistance region
for the Cab unit is about half the range for th6i ger~naniumi unit. Moreover, It can be expected
that the srtuoretion output level will be about 6 db less for ithe O.Sb unit,

A Figj. 2-51. Tunnel dioe I-V cIheracterl! ties.

I I OEMANIUPA 0100

I I GALLIUM-

7 1



I. Mixers

T he specific requirements for a mpixer that Is to be usedL with tunnel diode amplifiers are

(1) Low VSWP. at the signal port,
(a) 1-igh Isolation between the local oscillator and signal parts,.

'Theme requirements arip best satitsfied bj' a balanced mixer such as that developed, by Sage
Laboratories. This itxerii cIro a coaxial construction that utilizes a hybrid power divider and

* . .crystals of type AN416E.i Ar, a loon)l uocillator dtrive level or' Zmw, the VSWR at the signal and
local ,6sctllptor portill to under 1,3 over tha frequency range 850 to 950 Mops, and the Isolation is
_-ijb, _Minimum. Under maximum mismatch aojeditlons at the antenna (2,N14) the Isolation pro--
vided by, the 4 -port circulator in the tunnel diode amplifiIer is. in th worst nio, 3 Zdb, Hence,
the leakage to the tunnel diode. is kept to - 40db, maximm.

C. 'TUN4NEL DIODE 136WN-CO jVERTERS

1'wo tunnel diode down-coniverters of tile type reported by, F, Sterzer endA, Prosser* were:j
obtained from thte Radio Corporation or America for purposes or evolition. A conversion loss
of odb and a.wideband system noitir figure ofZ.5 to 30b have been obtained by these workers. I --

when thne tunrial diode down-converter is compared with the conventional crystal mixer, It s lower
conversion lose and noise figure, along with its higher power output saturation level and greater
resit rmoe to hbrnnttt, make it an titeresting device.I

It muat be emphasized that a'phased array radar that employs RF beam-forming techniques
will have unavoidable losses in front of the. mixer due to the beam-formIng hardware. For inaxi.
mum sensitivity It is necessary to place an IW preamplifier behind evury antenna tplement, end
the systemn noise temperature is primarily defined by the preamplifier. In this situation, there 2
is no real advantage to be gained in. using, the tunnel diode down-converter in place of the crystal
mixer.,

2, Experimental Results

The theory of operation and the characteristics of the tunnel diode dlown-convertern are so
extensively reported bylterzer and Presser, that there appears to be little merit in presenting

a verification of their experimental results. However, acme of tho) properties oif the two down-
converters supplied nre of interest,

The down -convertiers were operated with the impedance presented to the device at the image

frequsency equal to the source impedance (50 ohms), Under these conditio~s, the broadlband sys-
tern noise figure wasi about -5ihdt About ZdLb of improvement can be obtained if a short circuit is
pres~entedt to the Irnage frequency current by the usa of an external image rejection filter. The
convrters had a gain of app)roximately unity anid 30 Meps of bandwidth centered at 1300 Mcps.
No 130 biaa was requtired. Various local-oscillator (LO) drive levels were used, ranging from
Ito 3 mw, At zero L.0 drive, the signal VSWR's of the down-converters were 1.4:1 and 1.5:41,

respectively, and increasedi to 2.5:1 and Z,2:1, respectively, al a 3-mw LO drive.

;T- Steoer ccd A. Presser, "Stable Low-Noise Tunnel-Diode Frequency Convertors," RCA Review 23, No. 1, 3
(March 1962).

t The noise figure of the IF amplifier that followed - eia to 1 .7 db.

72



Figuire 2-5i shows a plot of Input power at 1300 Maps VS output power at 30 Mcps for, one of I

the. units. For comparison. the same relationship has been plotted for a balanced crystal mixe
at 900 Wrpm, with the same LID drive par crystal, The comparisoni is not really Meaningful be-

cause the ItI,' input impedance in both cases wag 50 ohms; this presented a good IF match to Ilia i

crystal mixcr, but a mismatch to the tunnel diode. 'rhc tunnel diode culvo indicating a 10-.ob[ . conversion loss for this unit Is pr'obably aeccounted for' by the IF Thnigrintch.
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D. LOCAL OSCILLATOR EFFECTS IN TUNNEL DIODE RECEIVE S

1. Introduction

It is common practice to use a preamnplifier to met the system inpijt*no~me. temperature, The
* . ----- *--- - -preamplifier i% followed by 4 mixer that 0anyarts the oignal to an interm~ediate frequency. Most

of the receiver amplification Is provided at tho Intermdiaite frequency, where it is usually easieril
to obtain high gain, rather than at the HIP frequency.

The Ideal mixer would have three pairs of terminals, orresponding to the IF. RF and LO
frequencies, with zero leakage between any of the terminal pairs, Unfortunately, practical

mixers do axhlhit leakage, "It is usually easy to obtAin high isolation between the RF and IF pots
- -and-between- the LQ-and-1-0-pbrts - sirice-the reopetive-.frequencies -Arce wldelly~fpaedMI-- -

* much-more difficult i %k to obtain high isolation between tha,J.O and RF ports,. although this dif-

fioully can be minlrnized in, a well-designed balanced mixer, isafntnfthlol

power, the mixer impedance at the signal frequency to not a funation of the signal pq~ver leveLIt7

IF ~ ~ ~ pr bye uto t

th ie tml e.amhrois It to th trnseroper. fra~~r a theloaosiatrpt

makesai ifcl ooti high 16-4ation.

2. Evaluation of Mixers

era are presented. (A bolometer was used to measure power at the fundamental frequency and

Signal frequency 1320 Mops
L0 frequency I 260 Mcps
IF frequency 60 Mops
LO drive +3 dbm
Total power leakage,

LO port tuo ignal port -2,4 dbm
Power leakage,

LO port to signal port
Fundamental -2.7 dbmn
2nd harmonic - 14.3 dbm
3rd harmonic - 19.7 dbmn

Total power -2.4 dbmn

Trype 2 (Sage Laboratories 2523-5)

Signal frequency 850 to 950 Mops
LO frequency 825 Mops
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IF frequency 30 3McpsN
1,0O drive +3 ibmn

Total power lcnktige.
LO Port to signal port -iO,7 dbmn

-Power leakage, 1---
LO poll. to signal part

iandamexital - 16.7 dbm ----- - ___

Zad harmonic' 13,3 dbm

3rd harmonic -as dbin
4th harmonic -29 dbm.1

Total power -11.4 dbm,

-IWtcaA~ atteOisatofrth first mixer is 5.4db, ajid that the greatest con-
eribution to the leakage in the fundamental frequency, By comparison, the effect of harmonics

gl'eater than the third Is small. Howrver, it will be shownt'later that, although smoll, the con-
tribution of the higher harmonies to the leakage ran be extremely troublemome to tunnel diode

-It ts interesting to-note tha-i the method of obtaining the lsolation. of the mixer by summing
the contributions of individual mneaauremenis on the first three harmonics at-ees well-With the
me1dasurement uig a bolometer.

In the case of the Second mixer, a bolometer measurement indicated en Isolation of 13.,7db,

The miethod of d feining tht6 Isolation byi summing the contributions or the first four harmonics I

-- yields a result that-differs by 0.7db.- The difference has not been accounted for, The main point
.. lof interost is that tfla mijor contributor to, the leakage Is the second harmo nic. Better balance --

In the mixer has increased the rejection of the fundamental frequency and the third harmonic,

3. -Circulators -

The- most suqpessful tunnel- dode amplifih that has bean -realized,,to date utilizes a ciroti-
later to separate 'Input arid output signals, Such an amplifier is shown as pert of a receiver in
itg. 2-54. It has been found that the use of A 4-port circulator is necessary to reduce input and

ANTESNATERMINATION

P~TI PORT 44

Fig. 2-54. Low-noise receiver with funnal
diode reonplfier. PORT 2 PORT 3

TUNNE I FMAGE 1-
alA IEJECTIONI

AMPL IF IV. M ILTER

LOCAL.
OSCILLATOR
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output mismat'.h effects, It is also helpful in reduotng the'effects of local oscillator leakage.

lowvter, the amount of protection from LO leakage that the circulator provides is far less than

was previously assumed, The problem is that the circulator maintains its characteristics over

a range of frequencies that Is, in general, leas than an octave, The circulator cannot be relied

upon to provide high isolation from the mixer to the tunnel diode at harmonics of the local asii-e-
lator. Moat of the circulators operate below the frequency of ferromagnetlo resonance, This

means that above a harmonic of a certain order, the harmonics of the local osrIllator are above
the resonance frequency of the circulator. When this occuis, the paths through the Qirculator,

which are paths of easy transmialon in the signal frequency band, become paths of high isola-,
tion. Conversely., directions in the circulator that offer high i solation to freouenciOs within the

signal frequency'band.become paths of low insertion loss, As a result, high-order harmuonics 7"1

of the local oscillator, generated within the mixer, can have a large disturbing influence on the'

'ndel diode, In order to demonstratethia problem, some measurements woro taken on one of
-. ten circulators recently acquired for tunnel diode amplifier construction. -The chara.ctetistics

of-this citculator (Melabo X61;.-5) arc ,. follows,

. ~ ~Circulator Details'

Signal frequency range 850 to 950 Mops I
Insertion 101s, port 2 to port 3 0,6 db

j Isolatl O, port.3 toport"Z >40 db I -

Measured Ciaracteristics i

Insertion Loess Isolation Power from Mixer Z
Frequency Port 2 to Port 3 Port 3 to Port Z at Port Z -. M~cs) db) (db) (dbn )

825 0,6 s0 , -66.7
2 X 825 24,4 45 -- 58.3

3 X 825 36.0 19.6 -44.6
4 k 825 22.5 2.7 -31.1

The fourth column shows the amount of power that leaks back to the tunnel diode amplifier at the

various harmonics of the local oscillator when a mixer of type 2 is used in conjunction with this

particular circulator and when the LO frequency is set at 825 Meps, Clearly, with regard to

order of importance, the fourth column should be read from the bottom upward.

A further experiment was performed to find out what effect the various harmonics had on

the tunnel diode amplifier. In general, the local oscillator and its harmonics vary the bias point

of the tunnel diode in a periodic manner, This cinu.s a change in the value of the negative re-

sistance of the diode presented to the 6i giu frequency band aad, hence, a reduction in gain. Be-

low a leakage level of about -45 dbin, no gain compression is noticeable,

It was found that the first two harmonics had no appreciable effect on the amplifier gain.

The third harmonic caused a discernible compression, and the fourth harmonic caused a com-
presion of from about 8 to 17db. A further serious effect observed was that the amount of

compression caused by the fourth harmonic was very depeildent on the :;eting of local-oscillator

frequency.
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4. Solution of the Problem

In order to oblain the full advantage of using it tunnel diode preamplifier, a filter must bea
plau.,ed between the tunnel diode ampifier and the mixer to reject image channel noise,. Without

* the fiter. the systom sensitivity Is degraded by 3 db.. Trhe filter must have minimum attenua-
4s lion within the signal frequency hand and a linear phase -frequency characteriatici It moust -lo

provide about ZO db of rejection within a band of frequencies (equal to the signal frequency band) Ii
r, ~ centeredabout a frequency equal to f1 0 - f1r. This filter can be made a bandpasa filter ansd,

hence, can perform the additional task of providing the required amount of LO harmonic rejec-
lion. It can alopoal.povd 0d fL rejection at the fundamental frequency as an ad-
dit tonal afety factor, thus allowing for reduced circulator isolation that occurs when the ampli-

order haroc g enria e d y ul whr trnmitn andaeca~a reaeivi
* Weesithe mixer and preamplifier otmn also be provided by an RW bearn-forming miatrix. High-* .

orde hamoncs eneate bytransmitting tubes in an arraywhrtanmtigndesvnl
functions are combined cans also prove troublesome. Al-

E. ELECTRON .EEAM PARAMETXRIC AMPLIFIZR (EqPA) EVALUATION PROGRAM

An oxtencive testing program designed to measure the operational charactertstiaa of the" -

-Zenith H BPA was compieted recently, Particular emphaasis Wan pieced on confirmiing those
*Whlinracte r isties of the EJ3PA that are of interest to designeors of phased array radar systemse.

Wock-long pump-on amplitude stabilities of better thin I db rms with concurrent pump-on I
phase stabilities of better than 11 rms were obtained after certain giroblerna connected with the
EFTSPA's sensitivity to small changes in nnagnetic. field strength had been overoome, -

The full scope and results of this evaluation program nil present( 4 In a Lincoln LaboratoryI
tiaport.*
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CHAPTER III
INTERMEDIATE-FREQUENCY AMPLTFIERS FOR PHASED ARRAYS

J, Dilaritlo

" ,. . SUMMARY, 4
This chapter outlines parameoter limits o' transformers with toroidal aores for use with

amplifiers covering the frequency band Iu to t0o Maps,

A brief description of these traunsformer-coupled common-base amplifiers was presented

ir in TH-Z36.* However, mor'e design details are given In this chapter for a similar amplifier

With an even larger gain-bandwidth product., Plots of the theoretidalbandlpa andjhase char- _ _

acteristies are included, together with experimental results on several amplifiers, Desigen..

graphs are also presented to show practical magnitudes of leakage inductances oftoroidal trens-

formers as a function of turns ratio, It was found possible to increase the melf-induotancellaf

tha transformers and thereby improve the low-froquency gain of the amplifier by presetting

the trannformer cores with a current impulse.

Several amplifiera have been-built, and their gain and bandwidth have been found tobe
similar, Identical layout and regular stock components were used in:all oases,

* .The primary and secontary winding, of thetransformer are wound so that they have the

_-ame rotation sense, and the secondary turns are spread out to cover the entire core in order 1
*, / .. to reduce the leakage inductance.

,~The solution to mesh equations for the theoretical gain is arrived at by flow-graph techniques.
Several graphs arc introduced to show the theoretical gain, the bandwidth and the phase linear-

ity of a typical stage.
-' .Moreover, photograiihs are Included to show the achieved rise time, the gain and bandwidth,

* the transient response and the overload condition, A typical amplifier design using these tech-

niques has 66db of gain and nanosecond rise, fall and recovery tino,

A,. INTRODUCTION

An operational phased array radar may require several thouEand TF amplifiers having

practically identical phase and amplitude characteristics. The amplifier characteristics should

track one another over wide ranges of temperature and power-supply voltage. The ideal ampli-

fier would meet these requirements-and also be inexpensive, reliable (all-solid-state) and com-

pact, It would require little or no tuning and use a minimum of power, The wideband amplifier

described in this chapter has a linear phase vs frequency characteristic, maintains gain and

phase stability for a wide range of temperature and voltage variations and can be built inexpen-

sively using normal stock components, This is achieved by using transistors in a common-base

configuration and using transformers for interstage coupling to provide adequate impedance

transformation. Transformers are inherently frequenny-sensitive; as evidenced by various

reactive elements in their equivalent circuit. It is the object of this discussiun to show bow

these reactive elements can he controlled and used to obtain wideband amplifiers that are rela-

tively insensitive to variations in the transistor parameters,

*J. L. Allen, et al., "Phased Array Radar Studles, 1 July 1960 to 1 July 1961 ' Technical Report No. 236 IU],
Lincoln Laboratory, M. I.T. (13 November 1961), ASTIA 271724, H-474.
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B. BASIC TRAN~SFORMER~ REQUIREMENTS FOR GOOD FREQ UENCY RESPONSE

The transistor used has a current transfer function that is fairly constant for all frequencies
of interest, Therefore, one can assume that the stage gain for all frequencies In the pass band
depends mainly on the parameters of the transformer, Thus, the transistor is represented as a
fbteed current source, but with frequency-sensitive Input and.output Impedances. .-

The equivalent ci-rcuit of a typical stage of the amplifier is presented in rig, ar, here
CT(. fistettlaaitne It Is composed ofi '(1) the collector Is dopie tion layer. capac-
itance, (2) the effective capacity CI due to the transformer [expressed in Eiq. (1) belowl and

(3) the atray capacitance to ground. I~n Fig, 2a-5, R4 isawmpnreitriedtlo rte
___ ____ Q ~~~~of the circuit, KL (6 14h) and KL (064 5 ph) are the effective piaya~ ~!oaye~------

___ ___- -- - ductances while LL~ and LIare leakage Inductances; Mv (I.4 hii themt~ inductance;
- . RZ ohms) and Lep (0,0 36ph) ae the aerie's-equivalent input im ,pedance of th6 transistor, endaICBs1 thpe emitter bypass capacitor, Since C13 in not a good bypass for all frequotieis in the

'pass band, one must also include it in the equivalent circuit. It is obvious that 'he elemcnto cf

the transformer will be the major fector% that determine thes frequqncy' l~mits of the amplificr
Therefore, itis. necessary to dttemine what can be done, to control the transformier param-.

. " stoes in order to i~lprovs frequency response,

~J R 3 F ~ ~'Fig. 2-55. Equivo'iet oircultof a typical stag..

Low mutual and stray capacitance, low leakage inductance and high values of self -inductances

are basic requirements for uniform wideband response. However, It Is ImpORR tbls to Satisfy al!
* these conditions at the same time.

- The mutual capacitance will make coupling between windings frequency-dependent; therefore
*it is undesirable, although It can not he eliminated entirety. Stray and transistor capacitances

ae significant also. The total capacitance coriiutad by the transformer can be calculated byA
* means of the following equaticn:'*

'1 3 p

where C pia the primary winding capacitance, Np and N.arc thc primanry and secondary turns,

respectively, and C, is the capacitance between windings, In this case, because the secundary
winding has vary few turns, the distributed capacitance is vary small and can be neglected.

Uquation (1) shows that C1 is mninimum when the sign is negative. The nagative sign is ob-
tained when both primary and secondary windinga arc wound with the sama zzogular rotation.

R. Lep, Electronic Transformers and Circuits 2nd Ed. (Wiley, New York, 1955), pp. 219-220.
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Typical values of Ci -obtained for a transformer with turns ratio 22:5 are Z. 4pf for a negaive

pratic tht ulg thpor par xens cite hg frquny by evera thehgcycles, The

bounde ofst mportan Thd vauew of- onrlabeeemn the leakage inductance cn e ad sal biuin

boudar oft-5 mife. T heavalu of th leakage inductan ce ca be maesal yIij

vs ptiftry and seconidary turnI'

SCNAYTURNS

The toroido used for theseanew tra~nsfor mars are 4/4 inch cd. and are o)f the same Q-2
material used in the earlier type, of amillffioreo The experimental curves of Fig. 2-56 show the

relationship, of leakage Inductance to turns rntio for these new transformers. -It follows fromn

Frig, 2-56 that a 4:4 turns ratio would be optlimum for obtaining a minimum leakage inductance.

However, because we are interested in obtaining a convenient interstage impedance transfer-

mation, we must exchange, turns ratio for leakage inductance. Figure 2-56 could be used as a

guide for this purpose.,

Finally, we cionsider the mutual inductance, which is defined In the following expression!

where K< is the coefficient of coupling and L- and L.are tho primary arnd secondary self-A
p

inductance, respectively. A high value of M Is neceossary to obtain gain atllow frequencies, but

because K - 1, M w and a glance at Vi'ge. 2-56 and 2-57 suggests some frequency liritta-

tiona iposedi by this expression. Fiigure 2-56 shows that loakage inductance increases an 1,

and L,~ incrense, even when their turns ratio is nntnt, and 1i4. 2-57 shows values or mutual

inductance that can be realized as a function of turns ratio, ft can lie concluded, therefore, that

making M very large will negate the high-frequency remponse. Hence, the values of M as well

as those of T, P, LS andi N I Ns mnust reprusont the optimum compromise for bent gain-bandwidth

producet.

SSee TR-236, Pert 2, Ch. V.
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h When the core Is pulsad all values of M will In-
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Fig. 2-58. Values of primary inductance before ti
ond after a current puise It put through the core. NORMAL

PRIMARY TURNS
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Thus far we have considered %he high -frequoncy, limits, and graphs have been plotted that
could he ulsod as a guide to optimization. We shall now look at the low-frequenuy limits. 'Ae-
cause the primary Impedance is lonw, a large current pulse can be put through the primary wind.
Ing of the transformer, This has the effect of permanently raising the incremental permeabilit- y,
hence Increasing the incremental inductance, When a current pulse Is sent through the winding

-.. f the transforme r, It bringa-themagnatic state of. the core--to s-now- point-oii-the-hysteresis loop.-----
At this point, a minor hysterosis loop ts formed for the Small AC signal current. its slope is
steeper than that which determined the Initial pr.rmoabllty condition, Consequently, the inere-.
mental permeability has been increased, resulting insa greater inductance foip a fixed number of
turns. Thin helps increase the gain at low frequencies, but ithas the effect of slightly increasing
the loss at high frequmncies, Figure 2-58 shows the values of primary Inductance before and
aiter-a-c0uer-mnt-im pulse- is-p4t tliirough-the-cor.--In-pract~iceonecn ee-hsTyiuhif -

both ends of the primaryloads against the terminals of a 23,B-volt battery without regard to pa.
larity., The loss uf the, core Is increased, but, this is not a dIsadvantage beoause it lowers the -Q ;
of the coil, In fact, It helps reduce 'the peulcig due to transformer resonance.. - Figure 2.59 a Cows
the value ofM (the coupling Inductance) both Weore and after the application of the current im-
pulse, It can be rAean'that M is-larger for the latter c-ass. The related leakage inductance has-
irmained unchanged for'almost all conditions in this (igurW aefudta hs acr

will remain in this new state for long periods of time, Several transforgiers have been mealotred -

- 4 ' .- before and after saturation,- The Inductance af these same transformers wee meaOsurea again a
- . year later and it" WA6-f0und to be unchanged.

Just as the leaka inductance and the total primary capacitance determirte the high-frequenOy .

limit", CM (the emnitter bypass capootor) can be choseni to resonate with La (the secondary itduc-
tance of the transformer) and the Input reactance of the ti'nsistar to determine the low-frequency

'I'~~ M uLSE

1.1 M0U-

0.5

10 Is 20 25 50 35 40

PRIMAARY TURNS

Fig. 2-59. Values of M (the coupling inductance) before
and after the application of the current pul[se,
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Fig. 2-62, Theoretical current gain vs frequency for a typical stage.
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boundary. Feor thle values chosen there, C~ Is tpproximately 200 pf and it resonates with IKL
ind ., atI about 1'? Maps, The Q of this circuit iij very low, Therefore, there wilU-~A-t be aLs a.
severe peaking (lie to its resonance,

A C, ANALYSIS OF A TYPICAL STAGE

Thebasc filvlett crcut fr oGatstige of this wideband, tritnsformerco0uped -amplifier
is3 dtoplete 4 in Fig, 2-55. With the aid ot most of the Infotinatton presaeniec in Lbse precioding
curiT~oa, the turns of this trijrsformer have been -ehoefh as 22 turns tor the primary and 5 turnsi

-. . . .for the secondary. -Since the doupling-or the primarV/ and sooridary'windings ia almost r~nity,-3

the circuit shown in Fig. Z-55 can be represented adtaurataly, by thOlCifltivalent oircut o. ijt 2-60
- --for Nwhih-the-solqition-to-meah-equatiano-hlxm- been arrived at by tiso of a flqw graph,* Figure 2_61

11 is the flow-gruph equivalent 01. the preceding circuit, and the current transfe0' function derived
ftrom the ebote flow graph As

deicedi Fg.2-3 wic dos lerl ha teamliie asa ina pas v reuec

hs-~asoband ih asaeamlfir. M T leakage p in a cit 17 i and ) Lt I
21 freque ncy liit for itpe oafec ampifer culd curenetendd at Vou re M ops uti ha ane-

-- apiie (3)ome snsiived ton vaitions13 in individrnultraniite -tai'tvlesmn

Prined oardch~u~tsarecedto ailitat iriuncy isndeptoedto strn caig.ce Am-.
pined eanler b e cl omprovide plat ofro 30t 6 dmre iue~ his thge

-. mv crut ofa 3ig-stag aiie ta hae a ain of 30~ whil if6 re gandis exred sevral mo

iTe pastags frequebc add Xed ii foloin the ficsage aspife shotinag. was al he iomputan
saeis rctdanFg, to63 proie as50ohm imedytac over ampwiier bad ofi ae frequencymlee

catheripesi ofa maoise fiue Acdly3-hesistore for phsdaryaplacedns igsries2witho the pto

baverane 5 ohmne wthogha 6-the amreqfer,.y rane of ints Te tr anslto ucsd Throuighou

L fteec limitchs for its high- apfrecyould beuetofend ratalvey l0 ope bost. inc o thatne

low apwfer diasipt entieo to variathen Inandiiul undisotd otgetatcnhedlie

to ite bQolad Ia04 ot pea iin oefailiaetern~ tlectr l tr95 canbeusdathe. oAtpu

alifier tocan bbltoarod gain f r omtgo 30 to lts pea to p ieak 5sow te

*~J,~ FedbckTeo; om Poprie o Sgnl le raks' ro. R 4, 14 (94)
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Fig. 2-63. Thisortk'ai phase vs frequency.

"for a typical stage-
-40 -

A, 40 .- A

- - . . . RIOIJ(NOY (MOPS)-

Fig. 2-64, Tyical performance of a 6-stage
widabarld ampiiger: 0clK Is 66 db and the
(3-db) bandwidth is 17 to 80 Maps,

GJAIN - k9do Q, -0, 2090 T~-~
501100000- I? TO 9

0
kicp O,-2NII95

IN $3 T, OUT

4701 
NP1 IS . k: 1k

oo~ -ooo~IFig. 2-65. Widebmid IF amplifier (gain,1 1 129 db; bandpass, 17 to 90 Mcps).
005i- 000 0.00
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Fig. 2m&6. Widedhard IF omplifter (gain, 66 d bi bo Indpaos, 17-to-8O.Mops).

The biasing current Is hpproximately 3 ma. for all stages except whiere a..Weatern Elec-
trio 1495fIs used tkomio). This biasing current is allowed to flow through the transformer.
However, bookuso theme cores have been preset, the presence of this steady-state currenit will
iolonger affec t the ~rs This is an important advantage, because It preirents changes ofI

selt..nciuctance an,\n uently, it helps stabilize the-gain of the aiyirwihcnb f
fedied by changes in the bius current. However, foi- a constant supply voltage, the bias current
is almost entirely Ai function of the external emitter -reus~ior (1.6 kilohms). Therefore, we can

conclude that the aniplifier gitn is not sensitive to the transistor's emitter-base parameter varia- '
tHons due to aging except for changes in alpha, , .

The collector supply voltage is 10 volts and can he varied *15 percent without altering the
gain or the bandwidth of the amplifier. If' it should rise to a value greeter than 10 volts, the only
effect would be to increase the dissipation of the collector. It the supply voltage should, on the
other hand, become smaller than A volts, the deopletion'laye r capacitance, of the collector w ill in-
nrese as a function jbf thj: decreasing collector voltage, and the high-friquency gain will decreaseAA

In general, this type~of amplifier performs very well and it is very-stable oven under the in-

fluence oflargdl tem~perature variations. A 6-stage amplifier, for example, was enclosed in an
oven where the temperature was changed from ambtent to 60" C. A gain change of approximately
0.5 db was detected for this temperature change of over, 30*C.

Because this amplifier uses ferramic cores, its characteristics were scrutinized when it
was working in the magnetic leakage fields of an unshielded circulator hut were found to be un-
affected.

Some of the other properties of this amplifier can be briefly summarized with the presen-
tation of a series of photographs, Figure 2-67, for example, shows the test pulse (0,150 pisec
long) used to evaluate the amplifier. Figure 2-68 is the same pulse shown in Fig. 2-67 except
that it was taken from the output of thie amplifier after a 66-db pad was iplaced at its input. There
is no evidence of distortion in this output pulse.. Figure 2-69 shows the overload condition o~f the
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- IFl9, 2-67. Test pulse tused to evaluate the

amplflet., The calibration Is 0. 4 v/d, and

- ------ 1--

- -Fig. 2-68, The pulse taken from the output of
*i the amplifier after the pulse shown in Fig. 2.67

and 66 db of padding hove been connected at72

the Input.

If_

Fl9. 2-69, The,. pulse taken from the output of the -

amplifier after th, conditions described for Ftg, 2-68
have baiti changed by the removal of a 20-db pod. -
The time base has been extended to% Include the ef-j

-facts of initial aosd steady-state codiions. The dol-

ibration is 1 v/cm und 0. 1 pe/Cm.-

Fig. 2-70, Appruximotiun of on impulse response.
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amplifier-for aL pulse 0, 3 tseo tong, Two points are worth. noticing: the short duration of the Ini-
tial transient nodi the. fact that the amplifier comltl rov redfo 0d vrodwti

30 naec, The transient response is emphasized even more in Pig. 2-70. which represents theI
X_ response to an Impulse, Tile carrier frequency used in all the preceding, photographs is SO Mop.

The-necessity 'of using a small emitter bypass capacitor to iniprtive'the. low-freqluency gain
was pointed dul &r1l~t', It j6I IY6ddid bajrent that by using much a sMall-value capacitor we
have 1.Improved the riseovery tf ine under overload oonditione. -- Figure 2-74I depicts the response

to ak V-.5 -p~se pulse, and Fig. 2-72 is the overload condition for the same 3.5-psec pulse, The
latter'platures show clearly-the duration lin the, Iitiali transitent end the recovery time of the

- ~ amplifier, This type of amplifier findis diversified uses In the letoratory. -FigkAc 2-73-ihOWBi
1_4_ ~this amplifier, which also has bean usfed, succesifulls, as at widebahd switch .ky~g~inhhlsiii _-

voltage (see Pert Z, cli. VI).

we I pl9,2-71. Reproduction ofa3.5-asopuls. The Fig. 2-72, The pulse shown In FIg, 2-71 after the
collbrotlonp Ii. 0. 4 v/am and 0. 5paec/cm. amplifiler hat been subjected to overload condi-

tions. The calibration Is 1 v/am and 0. 5 plea/cm.

-. Fig. 2-73. Six-stage widebond IF amplifier (open view).
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CHAPTER IV

A PHASED ARRAY RECEIVING SYSTEM

SUMMARY L. Cartledge

-This chapter describes all the comnponents of the receiving system being tnstalled tn--the-- ----
16-element test qxray. The reoeiving system consists of a passive mUltiple bearyi-forming
matrix, a multipositlon switch, two solid state receer an nebam inhiroolAtioh circuitry,I

.4ach of tlhese comrparnents, as well as the available test results, is described ini ditaiit

A. INTRODUCTION .-.. . W-, P3.1Delaney
r_- A el-4efhdsit phaed array miebv ng Tyit-fithdtr us-iff WRF bb fi--1oryiig me rt xi, aP. ol~E-

- .1 -- beam..selection matrix end krnonopulse Iinterpolation unit Is b~eing implemented in the lihear array
test facility. The-purpose of this system is t~o demonstrate tirIne-sharing of Viultiple reqpiv;r

- -- -beams and to study techniqueos f6s'.enhanctig the angalar accuraqi of fixed -pos itioft multiplqR-beam.

1KAM-
IOMAIIig

5501SEA IOAFig. 2-74. Block diagram of receiver,
GILICTION DOT PROGRAMMING

MATRIX ese e v *

50610 01110 -
STATE STATE .I

RCEIVER RECEIVER

Mohopu LAl 4
INTERPOLATION DISPLAY

UNIT

Figure Z-74 shows a blocko diagram oft the system. -.A signal received by ihe i6-olem,,nt

dipole array passes through & solid state duplaxer (see. Part 2, Ch. 1) Into the RF beam-forming

matrix,* The matrix simultaneously forms 16 antenina beams that are fixed in angular position,

The diode beam-selection matrix selects two adjacent beams at the command of th~e digital control

unit and delivers these beams through two solid state receiver chains to the monopulse interpola-

tion unit. The diode mnatrix Is described In Sec, 13 of this chapter; the receiver chains are do-

scribed in Sec. C; the monopulse unit is described in Sec. D. The digital control unit was de-

scr~bed in an earlier report.t

J. L. Allen, at al., "Phsed Array Radar Studies, 1 July 1960 to I July 1961," Technical Report No. 236 [ull
Lincoln LoL~oratory, M. I. T. (I J November 1961), pp.l19 -5 3, ASTIA 271724, H-474.

t J. L. Allen, etal., 'Phased Array Radar Studies, 1 Jluly 1959 to 1 July 1960," Technical Report No. 228 lul,
Lincoln Lobor-otory, M.I1.T. (12 August 1960), pp. 12 1-13

4 , ASTIA 249470, H-335.
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'fir rceeivilIE systern will operate at o rittr feqiiency of 900 Mcps with a bandwidth ofI
SMclin Thie baic antenna beams are 66 widle in tise horizontal plane as, a rsult o the linear

array and A-' wide !! 'e v*-r1!'ai omorn - nu*-r. , The moho-
pulse aum bosim is formi-d oy adding two adjacerkt beams This resufts id'a 41 X 6' bsanrowidtil
and tiliou'eiit'al-irs. uidelabeaf .db, Thq 15 receiver beamscoes4 0-k, n'_ectar
around broadside.

& At present, most of the piece parts of the receiver system are either finished or undergoing
final bench testing, It is expected that the over-all system nalae temperatrare- will be ALqt'8001O K.

-. This relatively high nooise temperature in due, to 3.3 db of F loss pre edini'thoe rmleier arkn.l.c
which have-a 5-db notsefigre,. ,The ibedm'-forring mastrix hike a IAib Iisertion loian, and-the

cotnedtngcabesLong q.r~ -f I'la~iLAle Iano are used so that the receiver hardtware 9an be

placd i anORil accessible location in t ae teot facility, . -

The manopulse Interpolation' oirouitry' sho uld provid~a i asguir cur1 of D.3' for high
.Aigs'ssl-tes-nnlss laitos

B. RF B3EAM-FORMING AND BEAMSELZCTION SYSTEW.. --.- W- P DnlalaeY . -.....

. Beam-flelection Matrix

--- _'he-besrnmoetton matrix In a 16-input, 2-output digitally controlled microwave swit?,

Z-oiinswitches. ___e27 hw hwteai wice r raga-opri h

swithin oftwoadjacent antenna beams to the two output terminals,

i~gr -6shows o ashdmatic diagram of the 4-pole Switch,* The switch is fabricated in
Tellon 3tsrptransmission line using a 1/4'-inch ground plane spacing. The varsatur diode

BIASLSiAS
LOCINGs SPRIG

asR A6A9Tf .XI U SCPAIORT

DISKN I CAAPACISORT_-

CENTER CONDUCTOR

Fig. 2-77. Detail of diode mounting and tuning (side view of strip transmssion line).

(MA4Zt6) is located a qunrter-wavelength back from the input line on a 5O-ohm stub. The diode

isi shunted across the line, and thc bias is brought in by a screw terminal that contacts the top

or the diode pill package (see Fig. Z-77).- The btas contact sorew anti lead are bypaesed at RF

frequencies by a haritm-titanate disk capaoitor.
When the diode Is forwus-t-biused (3-ma forward current) it appears as a low resistance of

about i ohmn. This very low resistance aippears as a very high resistance at the junction of the
stub lsine and thc main line (junction A, r~ig. Z-761, and energy Is readily transmitted past this

The 2-pole swith used in the beam-selection matrix is similar to the 4-pole switch.

tThe characteristics of this material ore discussed In TR-236, pp. 57-60.
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junction to junction 1B, where the three other Input lines and the o1Atput,,tli meet. It the other
three iput lines prusent open circuits at Junction B3, the energy will p~aa, to the output port.
Three open circuils are presented at junction H by revirse-biasing the respective diodes at
-4 volts, Tho capacity of the diode at this bWas Is about I . 5 pf. The combhination of the tnductive
short and the tuning capacitor (Fig, Z-7,7) is used to tune -jut this capacity and thus, present -an
o en cirnuit at the diode, This opepi circuit reflects as a short at jgnction A aind lie noenAt-----_
Junction H, -7

- - h~ n&~jr pr~ble enountre& ithswtthesof this kind was achievin~g a reliable mahit-

c. 1 arrangement for binsinji the diodes. The tpass capacitorhsre brittle andiwifllfraetttre'

tof tuhe swtesr t apied byl t-V bsumdis theo a'rg hrctrutc the Inu o tu i swiensy

dis mcia mvsrithe bad caacristics asegood ss or hatter dihan the switches. an-e

setnlos wasn re.ittoedbt h across t isks An0 to 90-eps freqigtchrngqe that einmas4d
ay 900 thope pnrea' nsused to P0bataoand 20 MCh. It. Nwrep es hn47t

over spl frequecaneand te phriated erors a 90 t'.ps et less than -iur.-

on fthe sjwitches, haibe aur - ti ma es the andag a turn-off time of abe ou awt~s
the o ign urn-of ime i due t0Iop thelre caacican ce (0.015 1u)o the ry byatsf aactor, whic
hsoa ditonchrgn g mtim coranlyt 'f isec. ''eeuse ofdpn f the Du~ont -Iil bypas cprioprtshuy
reduce( t hq~ e rn-off nig to lies .ta ... ........c...

3. Tes Reasu reent womine als Baeam-otrmin ahd Diodeerosbtenhefu

'l'hatieem-dcacleIn marcith wa One c thane be asorminfmrixce with Rhg-9 ~ cbes
ofigh,2-79).e Theitewernneting cabnnle als hoerdras hann-omesasig lerie l eh gnio
the of trix Tha e eniraerui ags taste wirth aou st6 chen;th liners arra e ofdipoles 55'i

Thn genel sthes nenad parterstis ha hgher asdrobette than pttern taken onithes In-

Trie alone. uhn-of ihe deoes ar e at tec (0pen circui thlaed byat s thcbam ptshih

3. Toeadi sto ofulo the Comeepinedcopasoin RemF aormng a ides eW.PDlne,"n

MuTe beam-srmel echn miqu x was.t [Unncte tnolnh Lboramormi mari wi.9Auuth 91CIA 26201e ,
(FgH -79.Teitroncin3alsas4evd.spae-opnain*ln egh o

th R mtrx.Th etie nt astete wtha 6-leet inararayofd9ols
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of the beamtforming mktrix by thefbeam-selectibn matrix, Two of the 16 beam@ of thle beam-.
- forming-matrix. at e.trans mited- through the selection 1nstt )x by--the. forward-b blsing .oA ertain -

switch diodes, The remaining. 14 beams see open aircuto because their respective switches are
in the 5off" aorldition. Thus, v'nergy reueived on these "Off" beams is reflected back 'through the -

beam-forming mratrix and is reradiatted. During tile "return trip" back through the matrix, this
energy ha., several..opportunities to couple to the two "on" beams because of the finite directivity

of the directional couplers in'the matrix, Any energy coupled from an "off" beam to en "on"

beam will tend to raise the response of the "on" beam irn the vicinity of the "off" beam. An an Iexample, if beam 4 right ot'tbe matrix Is an "on" beam, it is transmitted through the diode switch, _
Consider that beam 5 left io an "off"' beamn, It was shown in an earlier report*~ that the isolation

-- .between beams 4 right and 5 left for this matrix has a low value (1$db). T'his, whon looking t
an antenna puttern of beam 4 right, we can expect a high sideloba of about 15 db to appear in the

- vicinity of beam 5 right.' iguire 2-80 shows such an antenna pattern.on beam 4 right. The high
a idelobe (-i4'db) tc. the left of the main beam occurs at an angle of 29' from broadside, which is
the position of beam 5 left. In Irig. 2-81 all the beam terminals of the matrix except 4 right were

terminatdi~n matched loads and the antenna pattern of 4 right was taken again. Note the absence A
of the high sidelobe due to 5 left and the over-all reduction in sidelobes due to the matched termi-
nations on all beamn ports. It should be noted that the above example used the lowest measured
value of Isolation between any two beams. The average isolation, between beams is 28 db; thus, -

this effect is not as severe on other beanms, The measured patterns showed increases in side-4

lobe 1, vels that averaged Ito 3db for tar-out sidelobes. The near-in sidelobas were not affected-
very much., This problem of coupling fronm the "oil"' beams can be reduced by increasing the
directivity of the couplers in the beam-forming matrix (esptecially those couplcrs at the beam-
terminal end) or by using a more complex microwave switch which absorbs energy at a 50-ohm
impedance level in its "off" position,
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Flo:, 2.02i Mclor lobes of all 16 boom% as soect-id by the boam-solooflon switoh.

Fig. 2-83. An all-solild-state receiver.
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Figure 2-.8Z shows thle mtajin lobes of. all 1.6 beams formed by the beam-forming matrix and -

selected by the beami-selection matrix. Beam peaks occurred cluse to the theoretical positions,
with a worst-case error of 2' in bearm 7 right, Theo sum bean s (formled by adding adjacent
antenna beams. have occasional high sidelobas (16 to 18 db down) as a result oU the previously
mentioned effect of mismatches at the beam terminals,, These spurious uidelobac are muchj
more ntoticeable in the sum beam because the theortca debefotle bmsaeuh

lower than those of the component beams. .The difference beams generally had shallow nulls' (13
to 20 db) because of the phase errors In the matrix-compensating cables andt the dtocle switches I

and beas fteeeg oupled from other beams.'
Theme results ar nertainly not repregentative of the be!st one cab expeat 110 achieve With a

beom-formInKjmarix folowed b~n, diode beam-8eleatilor matrix, By careful desigt is I rea----------
sonable to expect 30 db of minimum Isolation between beam terminals on a beam-forming matix;
thurs, the spurious -sidelobe problem can be minimizid, Ior monopulse operation, particular
care should be exereised to echieve very smell phase errors In the. diode eaitoling. networks..

n. ll-slisate reeivdrs Is shown .in-ltg. 2-83"'1 -it ooniis-of-a-limitar-,--tunnel- diode--
amplifier, mixer and IF amplifier; .The limiter wan designed by D,, Temme and Ina similar in

construction to the diode switch described in Part 2, Ch. j but In operated with zero bias, The
-- limiter provides 20 db of minimum isolation end has an Insertion loon of 0.2db at smull-signal.

levels, The, ourreaponding VSWR in 1.i1 The limiter can Withstand several Watts of average I
power and can withstand peak powers far in excess of the leakage anticipated for the tunnel diode,

The tunnel dio~e amplifier has already been described in detail (part 2, Ci. II). Each
amplifier is biased to provide 18 db of gain; the measured noise figure was, 4.3 db, The 3-db

bandwillis 38 Mops,
A qqge Laboratories. balanced mixer performs signal frequency conversion to 30 Mops IF,

A transistorized IF amplifier providea 29db of gain, The IF strip was supplied by T. DiI; tlo,
end is of the type described In Part 2, Cii. 111,

Two of these receivers will be uaed in tire phased array receiver,

D. fINTERBEAM INTERPOLATION. SYSTEM 11. J. 'Greenberger

1. Introduction

Trhe output of a lossles beam-forming matrix like that described in Part 2, Ch. I is a nlum-
her of fixed beams in space. In order to determine the angular position of a target to less than
a beamwidtb, a system comparing the energy In two adjacent beams is used. ecause of its
similarity to monopulac tracking systems, this system has been called a rnonopulrre angular
interpolator. It differs from the conventional monopulse tracker, being an open-loop system in
which the magnitude of the output is proportional to the angle from a line midway between the
two beams (see Fig. 2-84). Thle output is unambiguous (single-valued) out to the third sidelobo;
therefore, it can be useed for deghosting the sidelohe returns. 'rhe display is a B-scan of four-
teen lines, each one corresponding to a transmitted beam position. The interpolator output
perturbs tire scan to anl intermediate position corresponding to thle azimuth of the target and
brightens the trace to indicate its ptresence.

99



U L A L IL 0I N 3 IN 4P Aft IN 71 33

a sosoIsuq 14 -

wx- 0 11.44 33_A3 -- Vt.# ---

jE * *1 og)-

* - - - -. Fig, 2-84. Output of 16-olement boom-forming matrIx,

T"e initerpolator has not yet been integrated into the receiving array, however, prelininary
measuremensindicaste thatren interpolator eacurncy of 1/20 of a beamwkItb over a 5O-db dynamic
range can he achieved,

* .. Sstem Demoription

-The output of the beam-forming-rmatrix* ronulito Af-i.beams of, the rorm

-separated byv w/n radians. where'nr Is the number r't e I ,asha 1r. ar'ray,
r- he angle 'I' is not a reel-space angle, but is related to a real-space angle~ by

1P sI.Ldts Pi IV

where a -. angle from nr.ay broadside.
Fcigure Z-84 shows beams I right and I left with the abiscissa caltbrated both in real spaceM

a nd In 4' space, Portions of the main lobes of other beamsa are also shown,.'
Two adjacent beams A and B3 can ha represented hy

A sin n (% + v n
n a n 1, T irz n)Z

and

sin 4' -i

Tlhe sum and difference of these two beams are particularly useful, since there is no amnbi-

gutty between their, ratio and the magnitude of the angle off antenna ')orealgst for' angles up to

r' /2. Taking the sum and difference and simplifying, we obtain

A =13.- A 4 ceos pk sin 4, coss i2n 1coes Z4 coo 7r/n

See Pert 2, Chi. 1; also, IR-236, Port 2, Ch. 1.
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- Negative .values of A.,,. i, & and X correspond to relative raversals-of-phase.-If phase.

Information ts destroyed,, as in a video detector, only -he absolute magnitude of A, B, A and
E are reeovered. In this system, the ratios B/A and A/, are tlkdn after the signal has been
video-detected; therefore,

3-z=: sin V*' w 2n'B/Al/sin

and

k i i t a ?47 n ff I -

T hes two functions are sketched in l'ig. 2-85, There is great advantage in. using th A4/M ratio
-- for. interpolation bcause it ai symmetrical, relatively smooth has a zero at the crossover or

the two beams, and the poles are far removed from the'main lobes.- There is a sense ambil1ity,
- -howeer, since the function is even, This can be removed by comparing the phase of A-with--

that of X..~4'

Er- Fig, 2-85. - Fiats of lB/A land 4k/zaafuntonef q. -

-so -oso s so
='Q. = l I RR[AMWIDTH -
__ i ,) -=

-- In this system, an equivalent-method was used, An amplitude comparison circutt was used
to determint, whether Al > IBI or lBl > IA1, From Fig. 2-85 It can be seen tlhhtlthis method

-- gives unambiguous sense information to I, = +45', All target returns in the main lobe and first
three sidelobes are resolved unambiguously.

__ An amplitude -comparison sense system was chosen over a phase-comparison system pri-
marily because t;f the availability of the logarithmic amplifiers. A phase-comparison system
requires a wide-dynamic-range, phase-stablo limiter and operates at a low signal-to-noise

,, ratio for angles close to the beam crossovers. The equivalent problem In the amplitude-
comparison system is to build two log amplifiers that track over the desired dynamic range,
In the region near the crossover, diA/B1/dW is approximately 6db/degree; therefore, in order
to indicate correct sense for angles greater than 0.05 of a beamwidth (0.3°), the log amplifiers

should track within 1k4.8 db. This is well within the capabilities of these amplifiers.

A functional diagram of the monopulse interpolator is shown in Fig. 2-86. The sum and
differenc is taken in a 30-oleps hybrid ring, '['he four outputs are then amplified in simile a'

logarithmic amplifiers. Over a wide dynamic range, the incremental output of these amplifiers
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Is proportional to the logarithma of the increnmental input. If the input level is sufficiently high,
loghrithmic action canl occur on incise, and the output is pro)portional to the log 6f the input plus
a constant term. Division is effected by subtracting logarit hms, t he constuynt term disappea~ring

The output of the differential amplifier as a function of '..Is shown in (a) of Fig.& 8-6 By .

passing the signal through R nonlinear network, the output amplitude is made a. linear functLion o I
angle IN) of Fig. 38].A DC vomponent Is added to make = ro amplitude correspond -to zce

V angle 1(c) of Fig, 2-861. The sense ambiguity Is remdved and the desired linear syatela output is
ahowin in ( d) of PIi, ~.a 6,

-_____ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -- ------- --it i~t -~- --.- - --- -

The over-all system was tested by simulating the signal that would be present at the QutputI:
of the lIF preamplifiers. A pulsed 30-Mcps oacillator was used as a signal Oource, and the

adjacent beams were synthesized by using a power divideri and two varialtle attenuators (1'ig. 2-87).
A target flying through the beam was simulated by calculating the ratio ofenergy in adjacent
hcams for a particular angle and adjusting-thc attenuators accordingly. I.

The test results on two targets having e difference in cross section of 50) db ar~ shown inj
Pig. 2-88, An Interpolation accuracy of AS percent isindicated.-- For litle series of tents, the
phase and amplitude at the- input to the hybrid were balanced to give the best nullit the d)ffervnit -

--. 1port. Since1 under operating conditions, the input may be -as much as 21 to 31 out of pha~e and
I dn mpltde, the accurccl' of th yt~wl eless than that of thea interpolator alone.

The interpolator contains no memory devicom or' delays, and the bandwidth of the elements

in the system is sufficiently large so that the response time is limited by the matched filter,
-The filter used (Fig. 2-89) approximates a matched filter with a high-C41, undercoupled resonant

transformer placed -at the input to the log amplifiers, This location was chosen because suffi-
ciont preamplificat'bn existed so that the following wIdeband circuitry would not degrade the
noise figure, In addition, it was felt that the flattening effect of the log amplifier on the matched
pulse facilitated amplitude measurements at video, The output of the matched filter and the log
amplifiers to a 10-"sec pulse is seen in Fig, 2-90.

The need for a filter with a monotonically decreasing pulse response is apparent frorn the
figure. Any slight ringing in the trailing edge would appear as a trailing ghost at the output of
the log amplifiers. This dictated the choice of the undercoupled resonant transformer as a filter
element.

Figure 2-91 Illustrates the waveforms at four points in the system for targets having high
signal-to-noise ratios and located at the beam crossover. The upper and lower traces of a-9t(s)
show the output of the log amplifiers and indicate a Rum-tn-dtfference ratio greater than 30 db
(that of thle hybrid ring alone), If the phase and amplitude errors of the rest of the radar are

taken into account, thc average difference null will probably be only slightly greater than 20 db,
To indicate 0 *for these nulls, the differential amplifier saturates for ratios greater than 22 db,
This can he seen fro- Fig, 2-91(b). After the zero restoration, the signal is gated by the thresh-
old detector and possibly inverted by the sense switch, The waveform at the output of the inter-

polator ia shown in Fig. 2-91(h) (lowcr trace).
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(a) -upper trooi' output otaiU-MiI-0jImllff* Or
-. Lower Trae; Output oJ difference loo amplifier

I. (b) Upetrc output of plecowlsilljear network, -- I
- . . .Lower traZ, output of Wotepolator

_7 f 111 2-92, Simulated kirget at beam poak, high $IN (icalai IOPiseo/am)

(a) fmng~t at beam crossover.

(b) Target at beam peak.

Fig. 2-93, Interpolator output for various signal levels (difference in input level between traces = 10db).
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Figure 2-9Z Is simailar to 2-91 except that the target is at a beanm peak. Two things worth
noting are'tho close tracking of the log amplifiers over awiclo dynamic range and the deviation of
the trailing edge from a. straight line flog of an expnential decay), which in an indication of the

L absolute accuracy of th6 amplifiers.
The output of the Interpolation aver a trly large dynamic range to showvn in% Fig. Z-93(b),[h - a T~s-vetr -are -for -a -stmulkad -target- at- the -beam oromw over-,And at-the beam peak-simrilkr-

- to Fig. Z-9t (b) and 2.92(b), Thosw-t htnf inpau t vels eruwider beganse of the senitivity of- j
the threshold dutecior, --The output level in Fig. 2-93 is not abslu6utely flat because the-log ampli- I
tiers do not track perfectly. The dip at the 'right of all the pulses In dui! to the regioni of maximum

N_ tracking error -which can be meen se a slight separation at tram in Pin, 2(h-----------K - ate, the ~~~The inionopulse Systmt in.readylto be installed inthary dri -[ .. ...- ~~~~~ sim~La s-.-ystn ' hotplerdr C c

5-ri r jj4 fi-4tIi06 h .fieo d-Ud a
t-7,metodsof mproingxyaem~ecuraywil bemalewit th. ifant ofatomirng te tROI11S

F-4
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CHAPTERl V
TRANSMITTER DEVELOPMENT 4

W; SUMMARtY
The bulk of thin cihapter isdvtdt ead description of the 900-Mops transmitting

qystemn that is. being implernentad in bur~linear test array, This kystenvis composed oft16transi
mitqing nmodula end their cipporting gear. Trransiiiitting amnplifiers And inocil-iarm are disousued,

*-as are the monitoring systtem, d 41tax phase shtifter drivers and th~e RIF and power distrihtirfini
systems. ..

The developmient of t" lqw,'powet' soltd state inoiialators for very-s1hOirt-P1ularn systems is,

f ~ ~~mitters to outlined. .--- DM

A. INTRODUCTION lnrel

___Tho 900'-Mos trenemitter work oarried on dti'-ing the post year, has been conqqt'ned primarily
-. - . ,-,-.AM --. with -the- Integrato-fvmoet inotetas Ittng module desigin and with the fabricstioti of

~16 modules and 9 spare units for a linlear test array. This work has been completed with the
CTexception of the fabrication of the xparo-nits avid somiio the phase shfe n oitor-duplexer

printed boards, In additioni the-array-power supplies have-hbeen- bullit, and the mounting, raok for
Au installation of the -46 modules. hamb ben Installed and cabled for power And conirdi distribution.

During the coming Year, this firsat-genearation tra nsnitting test Farray will be used as a general
learning tool to evaluate array component end system philosophy, reliability, stability, eta. It is

felt that the experience gane Intecntuto adoeaino I low-power pmcdular array
will be helpful in designing optimum modulbs for future higher-powered sys~erns.

B, 90-Mps: RANMITTR SSTEMBerall
1. Modules

The basic electrical design and component layout of the 900-Mops transmitting module was
shown in breadboard form in TR-236' (rig, 2-85, p. 1,12), The following parameters were set

- as goals for this design:
- RIP power output 5 kw peak at 50 watts average -

Hligh-voltage DC input 4kv
Center frequency 900 Mops .-

Signal bandwidth >I 0 Mops
Pulscwidth 0. 1 to 10 "sec M

A breadboard was constructed and tested to the above specifications. This model consisted*

of only the basic amplifier& and modulator, with no phase or ampitude control and no integrated

monitoring system. The specifications were met except that the minimum pulsewidth was 02 usec.

*J. L. Allen, at aI., "Phased Array Radar Stodies, 1 July 1960 to I July 1961' Technical Report No. 236 1Ul,
Lincoln Laoratory, M. 1.I. (13 November 1961), ASTIA 271724, H1-474.
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PIg. 2-94. 900-Mops tranhmitter module.
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This was not considered a serious compromise end tlte first prototype module was fabricated,
Th s prototype contained neither the digital diode phase shifter nor the monitor-duplexer boards,
bt did have a-trombone line stretcher and amplitudecontrol, Phase monitoring was done with
the use of 0iretional couplers and 900-Mops printed circuit hybrids. A simple control circuit -

was employed for the protection of the high-voitage aipply and also for the modulator and RF
, tubes in the event of-the loss of cooling water, , I--j-...

During subsequent tests of this model. itywas found that the parasticsuppressor resistors
on the modulator plates faied after several hours of operation anl often failed after the ftrt
test, This problem was traced to the modulatr pulse transformnr :Which had been designed for

_.2. ... _ -. "___ jt.t maxlmumj09nc pulse, In order to ac/l'fVs-a i0-psdRF puldewi~ih-god-ri a d fea-time - ---
it was necessary o have the video ndulation__rerlaAhRtlsefheseat gmodultion

pulse was 2 pe long, This excessive/uiselenkth caused the transfornr 'ore to saturate under
maximum load as the temperature ineorased, all the voltage then appeared ibrOss the resistor, _.L -- ea;ug tiies to explode, Therefore,,two transfdrmere were mounted. in-series to r.ducethed
voltage time product each had to handle. This not only stopped-the resistor failure-, but also re-
vealedthetact that.the modulator I)C input voltage couild.be increased to 5000.volts DC and the

.. RF power output Increased to n.peak of 10k lw, The tranformers eventually failed under this
voltage, but because no hrm to the RF tubes was apparent, a new pulse transformer capable of
operating at 5000 volts DC with a 5-paseo pulse was ordered. Since this tt'dnsftrnmqr hadito be

------ . -- -developed to match the power and size limitations, the prototypews-iyot i e.,te, ,1il llW a '.n& -

of 1962. Since the installation of the first prototype transformr the R1 tubes have operated for
approximately 200 hours with no apparent degradation, This -transformher has now been installed

in all units. Tha increase in power output caused a reduction in gain of the over-all amplifier
chain to 27 db from the original 30db available in le module having peak powog of 5 kw.

The final design layout is basically the same as the orignal Pradboard cxoQpt for minor
changes that facilitatc the fabrication and maintenance of.th module [see Figs. 2-94(a) and (h)i,
Most of the connectors, cabling, relays, etc,, are stock items or modifications of stock items:
therefore the over-all design is far from optimum with rejard to compaotIoess. 1b has become
quite apparent that in future designs It will b.e imperative to design these components specifically
for the phased array application

2. System Description
An over-all block diagram of the transmitting system is shown in Fi g. 2-95, The RF energy -

from the exciter is transmitted to a 16-port printed-cireuit hybrid feed system constructed by
Sanders Associates. Each output port of the corporate feed is connected to a transmitting module
through approximately 12 feet of RC,-9E/U coaxial cable. The module itself is adjusted to a sot
electrical length by means of the input line stretcher feeding into the 4-bit digital diode phase
shifter. The output of the phase shifter at approximately 30 watts peak power is used to drive
the IF amplifier into saturation. This effectively eliminates the amplitude variations caused by
the varying insertion loss of the phase shifter as the bits arc switched,

The final. amplifier raises the output power to a peek of 10 kw and is coupled through a
dielectric-filled circulator into the monitor-duplexcr printed circuit board. Because of the nar-
row bandwidth of the RF amplifiers, it was necessary to use a circulator to isolate the antenna
VSWit variation caised by the scanning of the transmitted beam. Inergy from the circulator
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pAsses through the duplexer-mmnitnr board to the antenna, n portion bein ope f p on

pareli in amplitude and phase with a fixed monitor input pulse. nhe diffe'rence puise is senlt to

the alarm circuit, which energizes. a warning light whenevqr khe difference exceedis .a preset

level -
Qattrig control, low-level phase. shifter controls and DC power are applied to the module

through the three plugs n-founted on the front panel. An internal control circuit is itsed to protect

the module It the cooling wnter should be lost and in the event of Improper sequence during module

installoation or a short In the higb-voltiege line, I 'he low-level phase shifter drive% 6~ nppied to

the phase shifter driver amolffier, This eliminates toe need. for distributing high-level video-

-i-pulses in separate cables, The video drives for the niodulators are all paralleled fromn the aaklX - -

- - - ~~~line end-fed to the niodulas -via short coaxial lines,- -----------
liach trodule will be not to a reference phase end amplitude in a test setup and then Installed

in the array,-

C,, CIRCUIT AND COPMPONENT DESCR~PTION OF 900-Mops SYSTEM b. Mv. Terneila

1. .Crprt Fqeds And RF Cabls

- -- The 9DO-Mcpq phase bridge (described in Part Z, Ch. 1) was used to measure the relatlva

phase anid amplitude differenco'between the output ports of. the two oorporati'feeds, Figures 2-96

i_- and 2!-97 are plots of the phase and amplitude variations' referenced to their respective means.

%-- FF I

04 -c" No1

V N

PR'ASE:
0 AMPLITUDE

Q 2 4 a 6 IQ 1 4 16

rJTPLT PORT

Rg. 2-96. Phase and amplitude errors ot various ports of corpoate feed 2 (900Maps).
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- Fig. 2-97." P hose error at each port of corporate feed 3.

A systematic error is npperent from the plots, since the maximum deviation occurs at the ports
near the edge of the structure. In view of the na,,'row bandwidth oA.his system, It seemed rea--
sonable to compensate for the errors in the corporate feeds .by cutting the lR' 6ables to the proper
lengths, This was done for phase compensation only; the resulting phase differences at the cubli.
terminations are plotted in Figs. 2-981 and 2-99 for the amplifier and monitor distributions, The
solid lines represent the center frequency of 900 Mcph, while the dotted and dashed lines represent
900 Mcps :E5. It is apparent from these results that in a system with wider bandwidth, all cabling
will have to be identical. and corporate feeds will have tc be constructed much more acculrately.
One of the Sanders Asisoufates corporate feeds Is shown in Fig. ?-100.

2. Control Circuitry

The Internal mnodulo control circuitry consists of F-1, WRY-i, flY-i, IIY-2, TID-i, and
R-15 (see F'ig. 2-l0t). Operation is such that, whien the main power cable is plugged into the
modile face, 6 and -6 volts arc connected across the terminals of WRY-I. This relay consists
of a water-flew switch connected in series with the coil of a small (40-ma) relay coil (shown in
Fig. 2-102). The flow-switch orifice is such that its nnntacts are made with 7 cc/sec of water
flow cod broken below 5 cc/sec. The normal water flow through the module system is 10 cc/sec,
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Fig. 2-100. Corporate f',d,
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Fig. 2-104. V-I characteristic of Shocklev 4E200-26 PNPN diode.
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The primnry AC current Is broken by the relny contacrts, therefore, the mnodule Is "dead"

until1 the coolant is flowing probperly. When WRlY- I is energized, I15 volts AC is. applieedto RtYmi

Und Rl~.tY-3 Is9 usedl to shott out the high-voliage charging resistor used to protect the high-
voltage Fuse V-' I during intial charging Of the energy storage capacitor. Therefo~re, thle high.

voltage cable must be attached to-the module before the main power is applied, RY-1 energizes
the filament trans .-i~fi -fi mdltor anda R iuies and the Mo1ment of rDi 1. a 45-sob

time delay thart allows the tubes to warm up before screen -voltage is applied to the modu~o 'I
through the contaotsl of tlY-2., RY-2 is u self-holdting relay that removes thle fiiiimont voltage

from TDO-I.

8. -Phase Trt r .. ..

___'-Phase adjustment Inside tile modutle. Is aecompNlc with a,tromhone-type line stretcher and
the tuninlg Adjutisments or the RF (,mpllieril. Thle limited physioal apace in Ilhe module preventeo
the- icorporlition'of a rtul-wavolongth line-stretcher, bti It wifi found that the overal phase angle.

could Ise adjUsted through at least 180l', without significsntly aftecting the output powevr, bry changes
In the -amplifier tuning and coupling probes, Thus, with the two mnethodsi, it is possible to met the

pbsetwanrrone.-A

4.- Dicide Rhae 'Shifter Driver Amplifier - 11.3J. Cl reenberger

The 4-bit diode phase A~irer Is despt'lbed-jn detail in Part 2, Ch, 1. The function ol' the.

phase shift drivers Is to accept a digital control stgruil from the radar prpgrarmer. and to Supply

- vthe correct bins for the phase shifter dioides, -The programmer generates a 4-bit word for eachI
J Dmodule corruspondig to the desired phasqi shifl. This word is sent Ie the phase shift driver as

one of two DC levels on four .parallel lines. T7he driver, which consists of-four] iridopendent dyr-
cults, transforms tIlis control signal into tile bias for. the phase shift diodes (ZZ5-volt reverse
bins, S0 niti puxi diode forward bias),~ A schematic Is shown in Fig. 2-4Q.

tho -9wItching ceent Is a Shockley 4lV20O-.1t PNPN diode whose volage-current character-

JI is shown in.FIg. 9-104. TPhere are two stab-Ic points of operation, A end C, which lit~on -

dtiffcnt load lines,

Sintlllfled schematics corresponding to circuit conditions for these states tire shown In

Figs. ?-105(al and(l.-

TPhe PNPN diode is switched from high impedance to low impedance by switching Q2 on. TPhe

brakdown voltage of the diode Is exceededt and thle otitput capacitance supplies sufficibt1 charge

so thut the instantaneous voltage and current follows a trajectory to 13 or IS'. 'I hc p~hase shifter

diodtes-become forward-hlased and tile switching trajectory then continues to the stable operating

point C.
When Q~, is switched off, the ctr-rent it the PINI'N diode is rouued tco a value below thle hold-

tng current I n, and the circuit follows the switching trajectory hack to point A.
'The Swit chinrg times depend upon the characteristics of the dtiode and the time reqtuiredt to

charge rind discharge thne capacitancr neroes the output. ('Phle amounts to approxiomately 450 pf
evenly divided hetweent the sel-capacitance oft thle MNIN diode itu that of thre phiase shifter diode

miount .) Approximately 01.4 psec is required to switch the l'NIJ diode to its tow-limpedance state,

wih negligible time required to discharge rhe capacitance. Ii switching hack to the high-

fimpedince state, 5tiarc Is requirrd Im- ire PINPN diode anid 2015cc for chrarging tie caipacitance
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frth5 ercn of' its steady-state value. TPhe charging time constant cannot be reduced much
frhrbeqatisoo stability a ot disstpation problems. IC th capacitance is reducedto

nmeoh hr. -vitching trajector'y will follow a path similar to the one s how 1 at thr far left 'in _ff
Fig. 2-A04, thus producing a saw-tooth oscillation, The lower Imit on Rin determined by the

iTneed to reduce the current in the PNIPN diode. below I. In order to switch to the low reasetance- - -

tate. If Q 2 avalanches at tOO volts ad the minlimum value of t~ nti 10 m~a, then I1 mta be
greater than Z0 kilobres. A value of 30 kilohms has bee'n chosen to provide an additional Rafety

*. fctor.

The only problem encountered to date has been the difficulty In eiminating the heat from
*. R1  Untt 'r worst conditions, with 'all $'our bits on, 12 waite-are diantpoted, The Air inside the

-driver in heatedtVo over -011 uaF~aIninrerrnttc operation of sorne transistore And diodes,' This

problem hike been reduccd by. potting theerenietors in a sand-loaded epoxy of high thermal
tonductivity, which offers a heat conductive pamth to the module keel. Preliminary experiments
bho-i a reduction of air temperature io 120' F. Experiments ,to detern .Ine the most efficient
potting materiel are continui~g.

-- .-- . RF Amplifiers

MW r the RI' amplifier do, Ig nIs the somae as that deA mribed in TR-23 6 With the- exce ption Uf4
change intmt odf inching the output oavity end plate. The Incrsea -tplate Voltage

(5000 volta DC) necns a~d the uime of metal Screw$ for the plaxte, TIhei .yln asorevn did not

hold the amembn~ly tight~y enough and corona formed at thia mica..filled gap. Nylon bushings re-

p lacod the Teflon bushinga used to insulate the ground potntal screws from the high-Voltage and
cap, since the Teflan exhibited enough c.old flow to allow the end nap to loosen and aglin form
corona,

The output loop was tuned by adding a 3-p~ii capacitor in series viih the loop. This forffed i
en excellent match intor a 50 -ohm load, and the network has shown no sign of deterioration under

* testing (see Fig, Z-106). a

6, Modulators -M. Stegel,

As noted earlier, it was discovered that considerably more than 5ikw could be extracted from
* the 7649 amplifters, without causing breakdown, by increasing the puls voltage on the plate

Prnd screen of the amplifier, flance, it was decided to increllao the capability of the modulator, Q
The modulator described In TR-236 was redesigned around a larger pulse transformer.

,7 The resultant modulator is a hard-tube circuit that produces three output pulses (5 kv at

4.11 amp for the final amplifier plate, 3.Z kv at 1,6 amp for the driver plate and 670 volts at 0.5 amp

for the two screens) for a total of 30 kw of peak video output at An average power level of 300 watts.

The output video p"Iseawicith can 1.o varicd from 0 to 45iasee, thus providing sufficient overlap ao

that the RFi pulse can be sandwiched Inside the video pulse. Hence, the width enid rise time of

the module's l11 output pullae are dretermted by the width and rie time of the RF~ drive pulse

and the RF umplifier bandwidth.

The video rise time Is limited by the rather large shunt capacity in the lIP amplifier DC
h;1,cks. The plate bypasses ,Are about 300 pf. These capacittee. when fed from the essentially

constant current modulator, limit the video rise time to between 1/?t and I peer.
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Two 3a tubes In parallel are required to produce the 6-amp current pulse,. each 31329 tube
being rated tit 3 amp of peak current when used at 0.01 duty ratio. PThe potentiom4eter which had

:5 been used previously in the cathode circuit of the 3E~29 wE, tendod to provide cathode degenera-
tion useful in limiting the peak tube ourrent and In sltapi"2 the leading edge of the video pulse,4
but was round to be innneceassary at the higher plqte voltage,

- - This new high-wvoltdge version of the puilse modulator has been foundlto operate, conservative y -

tl Int the requirod load and, in general, compotnantR operato cooler then In-the original version. A 9

scemtie and a photograph of the final modtulator are shown in liiga.247ad2-tR epe
lT - ively, As can'be soon, the components that develop mo tof the heat, the 31P29's and the pulio

transforn'ier, are mounted so as to provide niaximum conduction of heat to th aluminum Chessis, j
which is water-cooled, The plates of-the 311a9.s oro provided with small parasitic -suppressor-
t'boitra that also act" as ftes~ and disconneat the LUTe ncseo r-vr

71. Ciroulator . - .

Duri ng the Initial tests of the prototype module, a 25-.ohm load wapi attached to t6 _,Utput,
othfial niupliior-through a line, stretcher to simulate aL vnr~'ing 2-to-1 impedance hUt

[ltig-2 a-0 -a] The resulting power output variations [F'ig. Z-1O9(L~ ttdoted. tha kv! y - h
was tuo h~igh to work-into this type of mismatch. Therefore,, thp virculafnr w , ind;c~ao

into thertaaign.for isolation, These printed circuit circulat ors w ere -developed b y I'YLETRONICS..
Corpp~c'atiotl and have been Bttccesufutly tetod at 6kw of peek power (60O watts average) with port-

sho rtened and abedon port 3. No specific tests at higher power have bben carried out, but -

the qirculators in the modules have been operating at io0kW of pealt output with-no apparent fail-

Themoitr sctonof hi bad sbrcs amall fraction of the transmitter signal from

described in Sec. C-9 of this chapter. The dulple3Xer section protects the receiver during the
transmitter - "oli time as in a conventional radar. This monitor -duplexer board is described in .-

detail In Part a, Ch. I of t his report. j

9. Phase and/or Amplitude Error Detection Circuit J Jfati

A meaosuring system must be more reliable than Qua which is being measured. In an effort
to keep the circuitry as simple as possible and thereby enihance reliability, no effort was made
to dtfferentiate be.lween phase and amplitude err-ors In the monitoring equipment, trror detec-
tion is ace6mplisheci by subtracting thc transmitted pulse vectorially from ak fixed monitor pulse
and sensing when the amplitude of the difference pulse exceeds a precietn: mnined level. The two

si;rnal at~re -b;- t the tt lpe.'r In a traveling-wave directionai coupler mnounted on the

duplexe r-monitor board. The amplifier chain is adjusted to produce a p~ulse 180' out of phase

with end equal in amplitude to the monitor pulse. The difference waveform is sent to the alarm

control box, which is adjusted to operate a warning signal whenever the nulled voltage amplitude

exceeds the pr'eset threshold level of the circuit. A schematic and photograph of this box arc

shown in Figs. 2-1.42 and 2-113, respectively.
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POWER OUTPUT TABLE

- OutputPower Into 25-ohm Load l-itl
ILOAD

Forward Reverie Power Rad jted L

3.8 380 3.42 I
-~.3.6 

460 3.14 AR IVIRsa POWER

3.4 52 10 2.88 AVCfLAD 1MOPOWER L
* .4,4 540 -- 3.86 (a) Diagram OF setup., -

4.3' 4003.90

4.4 3049

CL I
(b) Smith Chart plot of Z vs line stretcher position,

Fig. 2-109. Test setup for measuring amplifier performance into a mismatch.
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Fig. 2-110. Phase length vs temperature.
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The 900-Mcps error signal Is carried to the alarm circuit thr-ough a short piece of coaxial
cable and detected with an-M4303 Microwavp Assooiates diode, The merits of this detector are
described in Pert 2, Ch. III, along with the mti owat e printed eirculit 5

The Input tranaiatorvT I in Fig. a-ita is used in a groubdled-bame configur~ation to give tem.

- - - ---- ~ --- 1 perature stability -and afford sufficient vojtage gain to fire the siltdanmeafttrolled switch -when a
a sw mflv- of error ifignal -re applid Component R, -provides the mensitiviiy-uuntrol which

a - s'ets the alarmi level at any, desired. value,; The'emitter followers T2 nod T3 are usa to-prafla-

i~lation and to naitaii R'high. gain by presenting a conqtaknt high loading impedance to the fiitst aMW-

- - -- - ---- - 'The natrrow b aiwidt uf the leatnitter apiftirs causeet the leading iind triligegd
'~ tW~ii~s~ffi M Irf?~fb rate o ng tiigiie f

- - ~ ~ ~ ' - ,. 5,ection~~~~ th~tefor o~g-pkc p~ra ahed f the- error 'pulso, To overcorne thisdf-

- - - - fioulty),only the center p'~rtion or the pulse is'escmined. A 2-piop lumped c onta t'deliywas
placed between T --and 113.i The- r4u,4inj delayed pulse in combined with the untielayecl pulse

-- -- - - - -from Ta in a three-rway "imd" gate, \ecausi--the monitor phase and amplitude are fixed and Will

system is activated only when the antenne acMns, to the lhorihnigh. position,.e i chtmeei 'a

RET: pulena Ic ocbnt td -the third gate Input. The'g$Ate M, ves a positive output,.voltag6ii a error i..

1.) effect, the premerwe of on error volta~ge turnii on the siltloon controlled switcif('(SCR-
-- -. i- Two 3-volt lax'ps pl So i ea With Uii~li light up when the SCR starts conduetingf A Push

-- taldstthbutton on the control panel is--provided tomontaentarily interrupt the Currenti and reset the con- a

This alarm cirtuit has been tested on the bench and in the tr'enemlltling modules. The re-

-,suits indicate that the error levejl can be set to function relighiy for the detection of Q2' of phase '
error at *0,35-db of amplitude error. The coupled-energy was -a oxlmately 35 db below the
transmitter output of 10 kwa peak. No degradation of performan is noted to 600 C during the

oven heat test, - I
D. 900-Mops AMPLIFIER PERFORMANCE D. M. Ilernella

While all the trasmnitter m-odules are presently operaink at t-he .0 -kw peak l1ower output __

level, the bulk of the testing duringq the'pant year has bean done at the 5-icw power level because,

until recently, the- higher-Tower p~ulse transformers were. not available. Therefore, bench

testing of some or the spqre units will be continued in the future along with the -experimental

-- work being done with the 16-element linear transmitting array. In addition to the o/.er-all4
testing, a large portion of the time during the pest six months has been devoted to the develop-
ment of a phnisc-amplitude bridge capable of accurate cable-length measurements and to methods

of constructing IP cables to specific. lengths. Thir work is described in detail in Part Z, Ch. IT
Faigures 2-11i4(a) and (hi show the test results of the first production module during two

24-hour pto. mils. ['iguro Z-i 14(a) gives thf, results whet, the module was operated without its

box enclosure, r~ ig. '-114(b) shows the rtsults when the module was enclosed. In prepara-

tion for the tests, the module was run for several hours to reach its operating temperature,
thcen tuned and all adju~tments locked. 'I'ho modutle was thcn shut off and allowed to cool before

the tests began. It can 1)0 850f that both power output anti phase fOLlOWUmi the ambient temperature

variations quite closely when the module was open and were much more stable when thc enclosure!---
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was in piaco, Ploits of the tomiternture, variations to both cases show the cooling system to be
adonate to imatoltain stable optrioaa within reasonable limits when it is enclosed, A sim~1ar
test is shown inl tig. 2-114(0) for a tranarituri module operating at tile higher power level, This
unit also had the digital diode phas shifter installod anti was enclosed in Ito casing. A block

diagram of Ifhec experimental setup for the tests is shown in ig, Z-1 At5,
Although thle test dn;itie far from complete, information qbtainied thus far certainly shows

the ielrode amplifiers to be stable enough for plhased array a~pileatiort. It id'expected that comn-
plete results Pittl plaonpitudo rceitc will be. available in the floire.

E. TRANSIV1TTER POWF CONTROL CindUlTS W. W, Carpenter - -

As the ltinar iest array grew, it becamne liviteni that some form of centralized control and
varlxu. 1--v 6ther aupplias was neqessairy.- At one point It wasn naiad

rhat Z8 switches scattered over-the pbti~ouse and in the radon-ie were being used to control the

transmitter, In an effori in Iriprove this situation,' the essential contralifunctians were, outlined,-- and QoirptJtry for the various roquiiirents was idalglh Iti lits decided toa 4aa a 24-. Lto I4
DU P syiilai, lr'he control circuitry. A'brief.,doncriptton of the tranalsmter cotrol dircv~try

2.' Low-Voltage Controls.

When. the main switch oil the transmitter control panel Is in the "on"1 position, a 24.volt Sig.
tel is sent'to tho central wateir-cooling systemi which mandl; back a Z4-volt signal if it iW in
normal operating condition, Tii signal initiates the 11high -woltage -on" sequeliec, If no such -

signal is voceivect, a water malfunction Igmp will light, Under normal conditions a re'Jay will
turn on the regulated 41I7-volt primary supply to the modules. This relay will also activate a
time delay relay that, wherit has cycled, will allow another rolay system to sample the Z00-volt
negative-bias power supply and connect It to the transmitter' If the voltage is correct. The relay
that performs lbhis funct ion also starts aL seoqnd time delay relay thai supplies 24 volts to three -
other relays wheon Its cycle is momplotod. These relays sense and act on) thle stpeiuO of the vido
driver end high-voltage supplies,

DC~ power for tho vdoo driver Is obisinod 'rem a sutpply Whosie AC primary circuit is conl-A

trolled by that one of thie three relays mentioned above which is seeking a DC return for its coil.
The relay coil circuit includes a mieroswitch that is attached to tile niotur-driven varice con-
trolling the video driv.Lr output. If this variac Is in any position other than "off," the control

relay is do-errergizei, Htowever, a "video drive lower" button ott the conisole will be able to

lower the vnriac contirol until the microswitrir closes atid energizes the~ r'elay. If tire 'relay is in
a ce-energized positiotn, a larnp will. indicate "recycle diriver. "1 The second relay of the three-

telay group samples tile amount of high voltage present at the output of the module 'plate" supply.
'rThe titird relay energives when tihe oilier two itave signarledt that tite proper contditinn exists for
turnilug on the diriver andi the orodutlater screen siupplie.

Driver anrd screen voltage rcannot lie applied until the scondi relay has nlosed, indicatinrg

that 1 kv or more or hiighr voltage has been app-liedt to thle module "[lte" trites. '[his is accom-
plishbed by A comaris'ion ti rcrtit err a prirntedt circuit crdc arid a votingc, divider that closes a set

of relay vonteeta when tire strecified voltage has been reacired. These contacts, in turn, energize
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-. the third relay. Trhe transmittor cani then be brought to full power by applying additional voltage

and drive power gradually.
Note that the above procedure is completely automatic except for turning on the main "'on'l

switch and for varying the video-driver and high-voltage levels. Note also that, once the array

Ito operating at full power,, individual modules can be remnoved a,,d replaced by removing and.rpaigpuswtot'oigtruhteetr cce

3. High-Voltage Controls,.

Plate power for tlte modulem is taken frora, e 6-ky DC supply cap~able of 20.kw of IX output,

The output is led from this supply to a regulhtor unit (actually two units, one for the linear array.
&Iend one for the tramitter test facility). 'rhe regpla r unit Includes 14-volt control sequences[ -

for certain functions,

The first of these is a. Safety check, The applicatio n of a 24-vol t signal from the driver
panel will turn on the regulator filaments end energize an interlock string, Interlooite are 10a
cated on the supply output cables, on the regulator cooling system and on the mt~krt end of a

n-minute Uims delay relay. If alcnditiona are satisfactory when the time delsy unit has run
Its pycle it wtiloperate two high-voltage relays, one immediately, and the-macond- only -if the -input
to the regulator is coi'rectl -interlocked,. The 1Itt hiqhit-voltage relay Will connect the output of
the regulator tote transmitters andt to the voltage sampling cirduIts, and the second will connect
the regulator Input to the main highu-voltage suibplyi, Tfie flist relay iN InterloW sc*itlf thle reg-j
ulator output control so that the output cannot be switched to the trankImitters unless the regulator
output 6ontrol is set for zero auiput, ](6'nce, Ahe voltage must be recycled to zero in ordk to
apply high voltage to the transmitter, The regulkor 'control unit. contains two Identical high-
voltege sensing circuits contolling two separate relays, One clones when 1000 volts 45 more
i~i present at the regulator output; the second opene a holding circuit and shuts down the high-
voltage,,systemn whenever a preset u~pper limit hra been1,reached, The second one Is a safety
feature while the first one in uaed to complete the driver control seq~uencing described in.Sec. R-a
of this chapter,

FSOLID STATE MODULATOR STUDIES FOR 100.4w PH1ASEDM,$el
ARRAY TRANtSMITTER TUBE

The expected application of phased arrays to long-range -discrimination radars has changed
the re!tjuirements normally placad on the modulator of the transmitter. The requirement foir
both high sensitivity and range and Doppler resolution has dictated the ulge of pulse trains. for

the triinsmiid waveform. ro achieve the required resolution, the pulse repetition fraquiincy
(prf) within a gilven pulse train must be very high, and the Individual pulses in the pulse train
should approximate impulses in an far as the state of the art will permit.

A first approximUation to a potentially useful pulse train might consist of a1 pulse Irain made
up of perhaps 30 pulses o. 100-naec puisewidtb, separated in time by as little as 10 [Laec. Fuiture

improvements on this pulse train might consist of narrowing the pulsewidih of the individual

pulses from 100 nsac to CInsec.

Because the amount or average power to be handled by these arrays will ha very large

(perhaps many megawatts), the modulation efficiency should ha as high as possible. For this

reason and since very fast rise and fail times will be required, "plate" modulation has bean

ruled out, and low-level, or grid, modulation with thv, highest mu reasonably obtainable is being

considered (see Part 3, Ch. 1i1).
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Since Lincoln Laboratory is subcontracting the development of a traveling-wave tube (TWT)
fo:' phased array evaluation purposes, the modulator requirements for a typical high-powered
iWT have been examined, 'it beinig x,,.Ocrstood that some of the requirements for a TWT mod- W

uilatpr would be somewhat similar to modulator requirerneitl for other types of power am~plifiers,
-- The '0O-kw traveling-wave tubes being developed requires anode -to- cathode voltages of

.approximately 2a3kv with the Cathode grounded and the collector at a poaltisc potential. The grid

modulator, therefore, rests at cathode potential and doesnot have to float at high volage, This
eliminites iaoliktlon transfor~mers and raduces stray capacitantie, The modulator output pulse is
reiredic. move .o a 150 -volt negative bias to approximately 250 vi-Ats positive for a total

o wing of 400' volts. The grid 6 fincity, in expected to be ApproximAtily 50 iutt. and the grid current
____ during the pulse Is 4 to 8 amp. -~Sinc~iri~7 t o~ de~lrabe to prvide, for each transmitter module, sprtmdlto

__ - having good reli ability and life characteristics, It was decided to attempt to make each modulator
a smolid st-ate unit, The concept of having an Individual mod'vlator for each module will be usoeful

tthpitigdlyif it Is necessary7 in building a large array In have the timing of the video modulation corroipond I
- The devices investigated for use'as the switch in thie modulator cirocuit irnnluded silicon-

controlled rectifiers (SCRI's), avalancohe. transistors and 4-layer dioe..
At the prement time, 4-la0Yer diodes siwp ir to the Shockley 4E-200 series and transistors

-- - --- --- --- -siila totheWesernEletri 2N765are being tested n this modulator, The bamic problem.s
that beset theme solid elate devices when used as fast high-power switches involve the following

(1) Breakover voltage
- - - (2) Peak current limitation

(5) Rats effect

(6) Reliability and reproducibility vsage end temperature

Since it, Is not a requirement to have variable pulsewidth capability in the desired pulstri
the use of a delay tine modulator tosquite feaailble Also, since standard e- .mnant charging o~thiii
delay line i. not compatible with etate-of-the-art switches, end resistive charging Is not able to
meat the fast recharge requirement demanded by the high p's-, the type of recharging that was
decided on ea being the only feasible one w Ias recharging the delay line through a series switch.,

It should be mentioned that the main reason for discarding the standard resonant recharging
network was that the value of the inductance required to resonate with the effective capacitance
of the delay line to recharge the delay line was entirely incompatible with ihe value of inductance
needed to reduce the current through the shunt switch to a value less than its holding current
(the holding current is that value of current below which the switch will open uip, that is, become

a high imnpedance).

A further improvement on the series switch recharging circuit would be the addition of

resonant re.rgng. This addition is mate primarily to improve the efficiency of the recharg-

Ing network, ;Ance if the series switch is used without the resonant circuit, tho u.iodulator re-
charging circuit would be lirnited to the standard 50 percent efficiency of any HC charging network.

In this manner the efficiency uan be increased to that of ant LC resonant network. The type of cir-

cuit that was examined first is shown in rig, 2-4116.
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(shuntp switch,

Irseia roe-~iin Afe Faraaonl be-116a,otu Puaflfq Beeed a lnelreulStwoul

___be trlggei'ed to elasu,- chhrging the pulsr-forming network (?FN) through 8, and the parallel eons"
-- -Wh__ itietr. at the load and the lad diode~ As soon s lhe -1 Nwn recharged, S1 wudon ble..-

catusellof the reverse voltage plaoed aei'oas It from 'the delay line reffiection produced by properly
miqmitehingths . -. of thie dolaly linp to h load.. Imp....... Z ..A this tiin~S, w .ould be tirg 1:

-grdto close, thUs discharging the PD'N through SI and Z and prkducing an patetit pulac- .2
*Again bwousa of the mismatch between the of eh PlaN and Z a reverse voltage would be .

pliaeq across S, thus halplpjLit to shut of(-,'_ The entire modulator would thek y e ival

ouldnthe trigger to 8~ just before a new pullse is raquired from thp outlptt .nd the prooess
judrepeat. !t ihould 4po noted that one trIgger Is. all-ta sncsayt e~uea output .

pui~v even though 81 lald, S2 are iequventilly triggertid, vinee thi delay' betweten triggaring-S1 add.
* . Sin fixed ano can be internally generated~ The problemsa ansociatud with this modulator stem'

= . from-s1witch limitations described below,f

yijjl~h Limltatlons- Initially, It Ia desired to achieve output pul,-e rise times of 100'nseoi
.10-asec tisb times are the ultimate goal,' Tho bost rise times that wore achteved experimentally
-with the 4-layer dliodes tested were 100 nae into primarily resistive loads. When capacitive
loads are used, tho rise timo'will probably be even poorer. -The 3-junction tranststors (Western
Eilectrie units) that were tested had rise and fall times of 50nead, again Into essentially resistive
lads,

B~oth the 4-layer, diodes and the 3-junction transistors can be placed in sqries, provided
*cotmpensating Rtt, networks are used across thorm. Hen0ce, both are able to withstand the full

voltuge without breaking down .The 4-layer diode hue ak 200-volt breakdown voltage, while the
3-junction transistor has uip to a 400-volt breakdown voltage. Parallel opeation of these units
is, in general, not recommended because of tht6 difficulty in balancing curren-tsi through the

Individual units, T'he 4-layer diode units were rated at 20 to 30 amp peak, while the:3,-jvnction

transistorH were rated to 50 amp peak.

The only solid state devices that appear to he faster ait present (bitt Which h--.ve- lass peak
cuirreunt Callability) are some avalanche transistors that can switch from 0 to 2 amp in a few

nuanosecondts, The peak voltage tof Lttcse devices, however, i6 considerably below the required

voltage. Scries arra-nguenla of these wilt be tested in the future,

Tihus tar, one of the most troublesome problems with these switches ties.1 been recovery

timeo. Tlhe best of ier devices take ?, or 3tLsvc to recover and the worst take more than l1psec.

It has been dtifficult, ttCoreforcO, to Let these switchcos to run at 1OO-%eps rates, where only 5 1--sec

is altnttort for cachi switch iN, nd 8 2 to fire and completely recover (S 1 fires and recovere in
5 1,80e; thenS z fit -S and recover'S inl the remlainling 5 isec to make a total of 10liscc, or I pulse

repetition periodl at 100 keps).
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lato Effect:- Another difficult problem arises due to a phenomenon knawn as "rate effect,"
- ,. Since, SCIUs and 4-layer diodes are charge- operated devices, ie., their relative impedance is

determined in part by the quantity of charge in the vicinity of the Junction area, they can be trig-

-gored fron-, trhligh ipodance to a low bImpedance not' only by increping-thp voltage across them
.. . to a voltage higtir than their breakover voltage, but also by the displacement current resulting . !

. . from a rapid rate 'of chang -of voltage across their terminals (Ihence the name "rate affect")

Typically, spurious switching will occur in the device at a voltage as low as lit-half or less of

Its breakover vdtlage if the voltage is applied to.it too-rapidly. A typicai device might iswituhsk

40 percent below its-nornal breakover voltage if dV/dt i of the order of 20 volts/psec, It hap- ** '

plles, theefore, that when ,S. is required to close in nanoseconds and S, is expected to be open

. ... (highIpedance), -the- aloH jg-of-4Sw-also-clases-S-, because-of the rate nffectT --The power A .,ply

11 then shorts to ground through both SCR's and, since there-can be little resistance in the-charlging " .

,ircult or, dieha'gihg circuits (bLdause of effbts to miainio ohqIrfSa-and discharge time con- -
taents), a current greater than the hoding cu4trent flows through both $1 and S to 'rnupd,- and It

.Ls impossible to turn either of these devices off. It Is apparent that some sort of fiilerin ec
t

ion

is neededto isolate the dV/d' across S1 from',,(i end vice versa, - ,

__ --- - - . . .-modti'ed versiob of tle ssrhi' I .tiing etrk"hiiooeseribed above makoen use of reso-

nant c0harging to Improvethe efficiency of the teeharge network and. also provide. .fi ering)"aotion:
between the switches, minimizing rate effe'ib9Lhho dischargeand recerge (,ec rig. 2-il7),

N- . .............-. ; "t -,Note thai when 1 iA fired,, the maximum voltage'gradient placed across S Is determined by the
".l, resonant circuit composed of L, Q, aqd C conve)444y, when 83 is fired, the rfiaiiniufm

- vcitage gradient plaued anross S is also determined by the resonant ircuil, This Indicated

These, then, 4re some of the 'ksis problerns associated with switcilu"ahdl rhostialation when

very fast pulses a,'e -reqiired at high rdpetitiontrequercLies and moderate voltaea levels and

currents,

The present. leel, ,f achievementwithtile suriss-switch, shunt-switch delay 1. modulator

has been the attainment of .5-amp, OauOsish-haped, 00-nseC pulses (50-soc rise sld fal

time) Into 5.0 ohms at 100 Reps or, alternatively, ,aamp, Gaussian-shaped, 100-nsee pulses into -'

50oms at 4Okcps. Ty>pitl waveforisnore shown in 0ig. Z-118 and Fig. 2-119 is a photograph

of a printec-circuit type of experimental inodulator,

0. HYBRID ARRAYS FOR GREATER BANDWIDTH L. Cartledgo

System studics indlcric Lhat signal bandwidths as great as 10 percent at L-band might be

required of higl-power ','-ay radars. This bandwidth is too large for a simiple phased array,

One Wh ere all seoring delays are nodLleo Zir radials, if Ihe beamwidth is to be much smaller

than about 5° . 'T0 ciassical solution to this problem is to replace the plhase shil't r8 with true

time delay shiftors, T'-at delay shiffersi have at least two significant disadvantages. First,

the precision required or esponds 'o the number of beam positions to be used and, second, the

introduction and removal of many wavelengths of delay cause undesirably large changes in the
loss through the shifter.

The hybrid array (which is not presenled here as a new idea) suggests itself as a reasonable

-m!..... ,'su olvlion. It can be developed by dividing a large phased array into subarrays small

•See TR-236, Pert 3, Ch.II.
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enough sn that btstldlsp timei is not probleinl. The Individual aubarray. could then bei dr'iven by
tru.ie time. delay sh Ifters, This arrangem ent, (depicted .for a linear array In F~ig.' -U would

re du .ce the number of acostly and complicated time delay sihfte~i required and, heincoe, would I
reduce the penalty In efficlincy and dorroplexity paid for added bandwidth, The aetupI reduction
..... ikur*of deasliti" nt , cs be realiged in this way would vary Ki~ ji i n~ ad-

width and the a~ aunt of density tapering that im dano.. It' any. As density tapering becomes more

extrem, th b r of active elements per suharray decreases. '.Vhua4 a saving amoiunting to

If, the tranalttfld signal Is a simiple am'plituae-nkadula ted ignal like a train of. Ahok~ pulses
itd'dthe final anmplifiers can bfi modulated felt enaogh,_ wide signal ba iurdthis can be rfalized

by Aephfig h-Al"brrI.e hditodcn h appropriate Steern~iyIt thevdo-_

-*paths to. thil various'ampilift:T-', It: mhnoud be nl~ed that,, reardless of the'steering dyatom.,t~iiid, -

* the n'odlto utbe delayed, Ifr the transmZte pussa' hr op d tiebd -heA

of tht grray, in order to presNerve thb 'vr-all efficiency of the transmitting system,

A., POW9111iAMPLIFIRR TUB118 FOR P.HASEP ARRAYS---------L, Carilofge
R6 qiremonto for' a phased array amiplifier tube were listed in -n previous roport~' Thes

m . s ii its can be "summarised as follows. i0 'kw pispk-po or output at It pereeni duv~ at3 -

J Itebfd _jtth 10 percoent bandwidth-and phase andsmpiltud e iitab .Ijy iittaijIe for use in.phtited-
Jlrraysit 'i.n aildition', low.ievel'Modulation Is rtquired for* pulsowidthi from 0. t 14soo to 100 4sseo,

and he Lbe mst b smels ht ii could fit Into a squaro' hole i/2 wavelength on, a side,

The dovelho-~,~nt of a high.-pervesange travetflg-wave tube to meet these requirements we.

N initiated. The problem was complicated somewhat by the decision to develop an "inverted'. tube,

i.e.; this 'rWT is to operate with its cathode at ground potential and With the high voltage applied

to the slow wave structure and the collector. Several experimental tubas have been built under
ttsig,program, and probleis Inuvolving the gun design, .10w-wave structure, DC insulation -And

arc-bver, output window design aind mechanical structure havp been solved. It has not been

* .pombible as yet to focus the beamn adeqiqatejy With permanent magnets In the an,all spauc allowed
-(4 i/Z-inh diameter). This deveomnt en carried on by the Watkins Johnson Company of -

IaoAto, 12altIkirnia, is continssing.l -

Other tuLes with comparable power end bandwidth either a-re being developed or have been

proposed. One forward-wave1 and one backward-waveS crossed-fieid "amplifier" ame presently,
- tinder development, and triode configurations a~miiar to those of somne existing super-power UHF

tubas have bean proposed!
5

7R-236, P.i105.

tTP-236, Part 2, Ch. Ill.

*J. W. Sedin and K. W. Slocum, "A Grounded-Cathode L-Band Pulsed TWT Ampliir,' Conference Paper
presented at the Electron Devices Meeting of the IRE, PGED, Washington, D.C. (25-27 October 1962),

§ H. McDowell and A. Wlczeck, "An L-Band Crossed Field Amplifier Chain," Conference Paper presented at the
Electron Devices Meeting of the IRE, PGED, Woshlngton, D. C. (25-27 October 1962..

Raytheon's QKS-10I2, See L. Ciampitt. M. Huse and W. Smith, "Measuremient of Phase Characteristics of
High-Power Microwave Tubes," Conference Paper presented at the IEEE National Convention, New York
(March 1963).

# RCA's proposed A-151 97, for example.
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CHAPTER VI
SPEOIAL-PURPOSE TEST EQUIPMENT

-SM.R florr

This chapter is devoted to a description ofithe sspecial-purpoetest equipment. developed Cor

use with the eicperisnen~l PhLtsed arra~y test fact111q, The oquipmqrst described reflects 1 gradual
shift in emphasis front proving the'feabiiy ofarrays (the automatic moiorn uipment) tv,
designing arrays With high all).arouid capability (iho.short -pulse test equipment).

A.INTRODUCTION~~ **-*- -.-

The ape cial-purpose text equipmett which wan developed to simplify the pcrformance Mon-
i4torlng and dompanont tosting of experimental phased arrays, has been *degeribeld Ipiro vioua

raportn,' t The first part of this chapiur cavorl~ the Improvements mada kBicG tho~e repotlotei
- were i.wrli ten. 3

Sjiho basic -test system coiistn of Cour units! a coherent frequency isynthesizer, an adtomaLio _

M' Widest use and have been changed moat 6.ince last described, Coneaquently, they alone arf) re -

viwdheroe.. '

The automatic data printer in described first. I4fts Much more versatile than earlier ver
kions 4nd. abould be adequate for all anticipated future needs, The disoushton then shifts to re-

cetceg~i h oeetfeunoy synthesier, which provid es move independent outputs
at eauh frequency as well as short-pulse capab -ility. The remainder of the ch~apter covers the
results of a very rpdont foray Into the realm of short pulses and large-eignal bandwidths. .The

-. interest In short pulses is Indicative of lesseaing concern with the mechanics of arrays (achiev Ing
sufficient stability) an nincreasig ooncern with performance (e.g., providing enough bandwidth
for sophisticated signal design),

B. AUTOMATIC DATA PRINTER

1. Introduction

I..The iuiomatic data printer is a digital data recording system consisting of a digital voltmeter,
an inpA sanner, a servotyper and a control unit. Tho control unit provides gufficient opera-
tional flexibility to allow variable print -out. format, control of external switches such as an IiR

samnplerj and programming of test variables during a data run, The auto~matic data printer is

also cepable of controlling an IBM summary punch to provide punched card records of channel

amplitude and phase in an experimental array. Those cards may be proocessedi iii a computer to

determine, the array rms phnec and amplitude errors vs tirme.
1

J. L. Allan; etql., "'Phased Array Radar Studies, 1 July 19,59 to 1 July 1960," Technical Report No, 228 [U),
Lincoln Laboratory, M. 1.1'. (12 August 1960), ASTIA 249470, H-335,
t1.1L, Allen, etol., "Phased Array Radar Studies, I July 1960 to 1 July 1961,' Technical Report No. 236 11.1,
Lincoln Laboratory, M.1. T. (13 November 1961), ASTIA 271724, H-474.

tA program was written by N.A. Doucett of Group 41 and has been used to process the results of several tests.
See Poart I1, Ch.ll, Sec. G-1 of this report and also J. H. Teele, "Operational Characteristics of 16 Electron-
Beam Parametric Amplifiers in a 900 Mcps Phased Array;' 41G-1 IU U, Lincoln Laboratory, M, I. T. (6 August
1962), ASTIA 288223, H-444.
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P. Over-AUl Description

The Most reent V ersloo, of the automati o dista print is shown in rig, 2 aI. Trhe Rol naid-
oprtd yeite s lt~ aOntelftram top to bottom, LtreQ the digitnl tlat clock t nd

the digital time clock.- To the $ghtroreUnit, the input scanner-and arV AC-to-DC'

'I 3, 3.Output For mat

za ia-ple n! thle ckil ptt eenm'd Neom na actuail data run Is Ghttwn in Fig, 2-1 ZZ -'lb omploe
- -- - -- Be~~~nt af readings taken et one clock Itime LI referred to ac l.data Me.Te d~I.ati ute i

IV li eIM o'.data groups and Individual r64dirigg. An shown In Fig, -i the date and time of OlAy
_________r -oe vrtlnftctl offoo, pmo-rrr-filne by-the- firat-data-,grovipi An- this- aas 5b readings.-

with L-preftxea s whoh ulignify local arntllator and test atonal joveln. Tha aqPond tata lgk'dlp con.
slats of eight rnudIngk,; Ltm signal arnplivdbimaf aight roopivcs' uild'argn Lost in a tOqt.riPI(

e~oolThectyadings shown 41ua. -bv iullipltvd iWy appropriate somle ataora (rituh ae dater -
n ei d d the begitnig of a run) to order to arrive tit the actual, am~lltuda and pha values,

- ~~~~4, Control -Unit .. - .l;*- F
- I 'liha confllol unjjjt coliairm like aitpping-swvtoh sitbeoemblias driVen by na difmcantainod power

Q; -Atluply and pultsor. Thanp0oraing progiamniis determincti by front paef, controlemafd alid by two
patoli pariels, one RULOPHIblrIva thnfo and one located insictb, A cloao ;up view orf.t front
polW)l IRshO~jwn In rig, 2-13sY, 'tho left side 6fithe 1panal dontains a power switch, a start, button,
R switch that 'ontrols the tiumbr of datn groups (from i to 9) andI fofl'l aWitohoo- that o~trol the

* also of the fir at.nr aagot) It 4raigfORI) l rgt:teh~e ac ao
usedito pr tramadtioataa ou x an th (u to ho-hrcrcd.htIdniisec

JUL stepping-swich suhessamblies is Immediately behn h rn
'Ileothjer M11hassctbl is at the rear of the control ulilt.

5. Input SCanner

The Inpsut gnnnor contains miniature relays that-are onargisrid by the cont iol unit, The re-
int 8 providle switching of two poles o 24 positions in stop with thea readting number tin each data
group) antI switchiing of anotr two poles to nine posiions In conformance with the group number.
A close-uip of. tho input seamics' front panel is shown in Pig. 2-124.

6. Digital Date Cluck and Timer

A front panel view of the digital date cloci anti timier is shown in P'ig. Z-1 25. 'hc digital
(late clock is fa siepping-Hwileb unit Ilist is advanced daily by thc digital tino clock to provide a
digital readout of tic dly and tlie i"onth. It. also provides corttaet closures so thit the clay, month
and yesnr can ho, printed out.

rhc timer section sendis a "'start -reading" pulse to it c control unit at chosen intervals at
fronm one intut e to mtc hour. Thts pulSe. is synchroniten with thy; digital time clock so that thev
lat(L~is L iniC chanitge doest not occur wilie thc time is bring pvInicit, If a channel is noisy, the

i 'gital voltmreter doos not setle witin a preeset interval; thereforec, ancther timor is provided
to advance the. conlrol unit to ano1ther ('11R11116
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7. Power Supply/Pulaer Unit and Machine Timing
Th pwr upl/plsrountron~l s octd nsd,.h control unit [Fig. Z-1123(b)], It

aUpplies 24..volts DC for Indicator lights and relays as well as two separate, but related, pulted
24-oltoutut. Fgur 21Z6shos he timing of these pulse's relattya o, stepping. switch. mo-

-- -- *--*---- - in the control unit. The P24 stAnds fot pulsed .14 volto aid-Is usOed to advance all stepping
s witches. Since tht. stepping switches move only after the rn~rgtzbng (or cookingl pulse is gone,
the same P24 pulses can be used to actuate the solenoids of the servolyper for print-out of

4E Information,

apta ITCH-
Fla. 2-126, Moehino timing dioqrest .

The gorvotyper thus prints under the control of a part icular ste pping ,switch position before
the stepping switch moves to the next position. No inductive c(~rcuits are broken while (full) cur- Z
rent is flowing, so arcing is minimized. -The AF24- (anttpulse 24) isanother met of pulses inter-
laced with the P24 pulses in such a way that they alsopucurdurinig periods of no stepplnge~switch -

7motion (see Fig. 2-125). These pulses are used solely to actuate the servotyper red,Ibo.La
ribbon and upper -cese/lower-case solenoids, By using AP24 it is possible to change~jo upper
case (for example) very shortly after moving to a now stepping-switch positicn, lihenprint a

7 character while cooking the stepping switch to advance it to the next position.

8. Summiary of Special FeatutoE

The special features of the automatic date printer are summarized below:

(a) Print-out of both date and time makes possible positive identification of each
readlng set.

(b) Three characters can be programmed for each reading to serve as an iden--
tity code.

(c) Nine data groups of one to 24 readings each can be printed. 'rho length of
each group is independently controllable.

(d) The input scanner is relay-operated and can he remotely located.
(c) Key test variables can be programmed during the teat hy the control unit.
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Mf Tile contxiol unlit Canl psovkde olnu-way control of auxiliar y switches (sudsh
as an I' Fatf nt~fer) through its tlirtv out put pulsvs advance pulse (afte r
each rvae i 1, reset (after each data glotpl and final rest t after the last

*. data group'
Wg Thle stepping -awitch .mechan ism Ins not-arring and is tinafrotod by power,

(hi) Provision Is mado for handling auxiiisrykinputs, . .

(i) A lock-inp circult, Is provided thi stops the digital voitmejer from cycling
it it dose not settle within a preset interval.' Such an occuzrrence is Lctoii.
tified by -the- pr Inting of a' salla o (for errujr) if the polarity was negative ,
and a cupititi 12 if !he jiolarI(, was poiive. If the voltmeter was on "ratio~'
an astel isit is pripsiqd Innted of tin it, lirlev, the digital voltmeter eyelem
the msost lgnif lcant digitim first, a locked reading skllm ay be approxtirately

(.1) A digital time, delay is proVided by an Autoatic Electric ONCS stoping swlich
b, A. that inerrupt's the cyuieO t hM control unit- wheniever a servoitype airtige

*,return is Initiated, Th1;apruvanta loss of data through attempted. typing.
* curttil a carriage retusrn,

(k) naiciihtprgramtnec carriage returns, an) Automnatic carriage return
isL provided when the sarvotypor ,poachnz tho. right margin *Lop.

(1) The malihlne.,timing providoll control of cud- ribbon/blacc ribbon ad uppe
&ase/lower cjtae on the gamne s16 ping-switoh Position that Prints a oharaoter. .

. Stepping. witch Pulsr - I__
ttte ttepring~swLtrh pttlser is ptn auxiliary unit that contains the satme circuito a8*1the power

sppply/pillsor of the contiol-unit, , Is outputsl are Z4 volts DC, PZ4 and-AP24. These may be
usied to check stepping-switch circuits Or. for any other application requiring 2-amp 24-volt pulses
of 10 imsec to 4 sec duration, A photograph of the unit to shown in Fig. 2-127.

I'.4 ,

Fig. 2-127, Stepping-twitch puiser,

C. COHERENT FREQUENCY SYNTHESIZER

1, Introduction

Ttsc coherent frequency synthesivsor is essentially the same as the ono reported in TtR-236.
A rew changes are in proceSS that will extend the ur :fulress of the synthesizer; these are do-

scribed in the f,,llowing sctions.
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2. SubsAition Concept

The Present synthesizer has ,,.ix Isolated outputs at( each frequency except 870 and 900 Mcps.
Tis number was found to br) too small to provide for the local oeillator needs of~the expert-
mental tesl array and receiver test rack and, In addition, supply a number of outputs for special
requirements. , AMeoriigly, it is planned to use the basic synthesizer module , to build a master

-frequency synthesizer thzt will feed a number of substation looatq at the variuatestsntts
The substations will amplify and power-splil each frequency to provide at number of Independent
outputs sufficient to meet local test needs,

-- 3. Extension to 60 Mops

A doubler module has been built that accepts 3QMcps and doubles It to 60Mcps, Thin 60 Mops - - 1
'ia th0tii3tlfied in a60-Mops p;wer amplifter moduleto prov te 2 watts of output. The 6OMcps

*is required foy, testing widaband reneiv~or components wnth a 60-Mops oenter frequency, These
* 4.. -. are descritbed in miore detail at the end of this ohapter.

4. Up-Mixing to P'rovide a 900-Maps Test Signal _I

The old syathastser Obtained an 8106-Mopsk LO frequency and a 900-Mcps test_signal by mul-

- tplioation from a 31)-Mops tlaie. -When,900 Mops is not required for use as a test sigekl, It is
beat thati1 ie turned off to eliminate leakagje, A-lma, it is desirable, on occasion to vary the

*r900 Mops airound its nominal frequency "value, This can be mere readily, accomnplished in a sys -i
tent that. mizea -3D Moes with 870 Mcps to obtatn the 900 Mope,

jF Some experiments were conducted uping balareed-mjxttra intended for receiver use, The

plied with 900!- andi 870 --Mofs inputs. If the reverse diode is replaced with a forward diode, and
the mixer is driven with 30 and 870 Mops, the following typical performance Is obtained:

* . - Ipute Otputs

38 . mw at 870 Mcps 2.4 mw at 91)0 Mops (desired)

25mrw at 30 Mops 3.6-mw at 870 Mops (undesired),,-

The m~ixer exhibits a I D-db conversIoan loss for the anmaller input signal and a 10-dh suppression
of the undesired (870 Mcog) Input. The conversion loss can be redu eti by iacreasing~the ratio i

oif the input signal loveIs, but the total diode dissipation per unit output Increases. Although
bettor pcrforrnance Could he obtained with a mixer specifically designed for this application,

particularly with respect to rejection of 870 Mcpa in the output, the mixers On hand work well

enough to ho useful,
A module has been built that contains at buffer amplificr for the 870-Meps input, a balanced

tip-mixer ani an amplifiur/filter following the uip-mixer output. TPhe output of the module is

50) rrnw at 900 rAcps.

A simnilar module hats been built to provide 930 Mops (obtained by mixing 60 and 870 Mepsl.

5. Generation of 0.1ltAsec RF and IF Pulses

A requirement. arose for phanse -cohe rent, I).1-lisec, 60-Mops It,' pulses to be used in testing

widebaxd IF' strips andi phase detectors. This requirement motivated some experiments on a
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"I1N diode switch to determine its suitabitlityvia a psulso modulator (sue Part a, Ch. 1). Initial
measuremnents wert, made with 10 Mcps from the coherent trequenvy syntiseskser to trigger a

Hewltt Pacard mplig nll-cpo.The 10 Meps was also used to control the transmi;)sIon
of the diode siwitch for a 930-Mcps signul (also derived from the coherent frequency synthenyar),
Figure 2-i28 shows a 30-nsee RF pulse obtained in this fashion, as well as the name pulse co-

AIsmsviFMY 11isi-Vtd dounn io ;G.Mcpti. , The envelope rise and fall times are quite good, but thephs

during the pulse5 varies considerably as a result of the capactance variation of the diode In its

thoswtch is-transmiiting,) .

-7
Ai-

- Fig. 2-128. R fP and IF pulses prodicied by a diode twitch dilvao.l
- with a IU-Mcps snem-wave switching signetl.,

An improved test setup is sown in Fi. 2-129.'rnMpieuetorigrheamig

oscilloscope, %hich In turnt triggers a 0. 1 -pie pulse generator (the avalanche pulner describsOd
- in Ser. D-2 of this chapter), The pulse, generator iii triggered by the oscilloscope sync output

so that the p. je will occur shortly after sweep start. The pulse generator, in turn, puts out a
negative O,1lsee pulse that turns off the diode In the diode switch, allowing the switch to pas"
the 930-Mvcps signal from the balanced up- mixer/93D-Mcps amplifier. A portion of the resulting
0 1 -parc 930-Meps pulse Is fedt tos channel A of the sampling oseilloauupe, anti the remainder is
coherently rnixed down to 60 Mops and displayed on channel B. The resulting oscilloscope pres-
Ortation is shown in Figs, 2-1 30(a) end (hb.,

Figure 2-1 30(a) wris obtainoci by usi~ng a single-section ditode switch with approximately 25 dbl..
of rejection In the off state. Figure 2-130(b) shows the result of using a 2-section diode switch

cnrlebythe same -video pulse source (the avalanche pulser). TIhe rejection is much hetter
(abot 50b),but at the expense of slightly higher switching transients.

IThese results We,,rn obtained with prototype coippents aind, therefore, are not the best that
can he achieved, Thiey are sufficiently encouraging, however, so 'hat a permanent facility for
genkerating coherent it and iii 0

.1-tisec pulses is planned. A maltisection diode switch will ber
usedi to reduce the switch-off leakage to less thanl 60db,

This con not be determined from Fig. 2-128 but was measured using a phase detector (Sec. D-4 of this chopear).
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(a) One-section diode switch. .(b) Two-section diode switch.

Fig. 2-130. Diode switch characteristIcsi.
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Fig. 2-131. Avniqanchm pultr.
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l.SHOflT-PULSE TEST EQUIPMENT

1. Introduction

Tihe recurrent requirement for de~ense radars with ever Improved resolution and discrirn-
Ination capabilities has intensif led interest In sophisticated s ignal, designs 'With large time- .-

bandwidth products (pulse bursts zkppinr to be quite suitable), Unfortunately, it is difficult to
build matched filters for the signals, especially if some flexibility of tra nsmitted waveform is -

desired. Another serious problem is posed by the high data rates produced by high-resolution . -

signtils.
A logical approach would be to reduce the data rate, by selective mhatching to-the particular

range and ouppler-rosolution cells that convey-the maximum target information In a givent sit-
-- --. -~ I..uation, The system should be flexible so thatias the target situation changes, tixe resolution cells

observed dan be changed Also, .~
Tile ot~ eqttipment -deqribed in. this section is the. result of initial efforts directed toward,

the dvopmen t of a lino of rece iver components that 6 1 ht be usedi in a selectively matched
Ireceiver/dakta processor. The-test uisaectally morei-aptly described as accessorlos use,
ful in te-satin g wideband receiveor components. These accessorieon were desnigned with emnphaslo'
on ompactness, convenience and adequacy for certain specific uses, rather than extrem 6e per-
formance iprcfeifca ons. The equipmenit built thi fa'trs ygnrating relatielysh~ort video
pulses, 'Theme can be converted to IF, power-split, amplified, multiplexed or phase-detected, 1.-
according to the requirements of (the component lest being performed.

2. Avalanche Pulser

The avalanche pulsar, (Piig.2.I3I).was..built to sarvt- as a source of moderately fast-rise
short pulses, It derives its name from tile Use Lof a 2N109 transistor in the avalanche break-
down region.- . o-w of switches along ihe bottom of the panel permits selection of sections of
a-lumped constant charge line to control the output pulsewidth, The width Is eontrollable In StepsA
from 20 to 250noeo, as shown In the multiple exposure in Fig. 2-1 32. The 25l-noec pulse is
shown by Itself in FigilZ-i33. Output is a negative 4.5 Volts Into a 50-ohm load(. The pulser may
he operated In three modes: triggered, synchronized, or self-controlled (free running), de-.
pending upon the setting of the repetition rate, control (the helipot in the utpper-right -hand portion -

of Fig. 2-131). Repetfiin rate in the goelf -:controlled mode varies with pulscwidth, and ranges
from ZOO keps to 64 Maps for the ZO-naec pulse andt from 14 to 70 Hops for the 150-naec pulse.

3. Signal Gate4

The signal gate Is a diode hricige that is switched into conduction by the output from the av-
alaniche pulser (applied through a transformer). Various diodes and bridgo configurations were

tricd in an attempt to obtain thc best-shaped output pulse and a minimum of CW leakage at fre-

quencies up to 60 Mcps. Of the stock diodcs available, IN903's porformed best. 1n a one-section

switch, the best leakage level obtained (at 60 Maps) was - 30db, This performance can be im-

proved by cascading gntes, hut at the cost of increasedi complexity in the driving circuitry, A
photograph of a 250-iisec, 60-Mcps pulse is shown in Fig. 2-134. The -30 db leakage level is
sufficient for many tests, including IF pulse responec and rise-time measurements, Whun lower

leakage is requiredi, Lhe gated IF amplifier described in the next section can he used.
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A. Gaied lIfAmplifier _

A photographi of a gated IF amplifier is shown in Fif. a-i135. This unit has 40 Ips of band-
width centered at 6OMc, m (Fig, 2. 13(1), It can. be swit hed from trtuiamiiotos db.oat rejection

in 0.5 jsec (Fig, 2-137), The IF amplifier functions, normally when no gatingaitgna) IsI aplid or
__When the gating lavel is more. positive than;-I volt. The IF am.,Ue I ure ofbyalee

r . more negative than -2v Iolts. ahi maeI.coptbe ihma logktI icluding Digital Equip-
ment Corporation (DEC) login. levels. The gated IF amplifier can be used for IF switchinlg, multi-
plexing or Igenerating IF pulses with low CW leakage (-80Odb). The rfi and fall !Ume Is adequate

*for tany tesatsa, The gat et I amplifIt.er acan alaoa be used as an uv v 'lap gate -for the signal gate
described, irv-eo. 0-3 of this chapter. This. combin~ton prcvides a fast-rWa IF pulie with ex-

- - ~~tremely low CW leakage, except In a sm~all region arouand the pulse whwreLt~Ihseicg k~ si
- 30dbh. Aaschenaiu of the, gated IF amplifier is shown in Fig. 2-438. The untt ts an adaptation
of a wideband amplifier design described in Pai ZZ. (Ch'Iii

1-5. 60-Maps Hybrid Ring

A60-Mops hyhrid ring (ig, 2-439) was constlructed from 73-lohpa coslxtal. cable in 9rder to5
provide port impedances suitable for use in a 50-uhma system, The. 2O-db isolation bandwidth is
approximtately aoMcpa and the devic,' is quite useful-as a low-loiO power splitel',1. The sum and

difference output responses to a 250-noc, 60-Mcpe IF pulse are shown in Fig. 2 4 0, The ver-
tical ajoale of the sum output In reduced by 2Q db to facilitate comparion With thte differenceoutput. I

A need arose fcr a low-overshoot, low-pass filter that would'blot'k 60 Mrps, yet have a rise
time of tho order of 25 nsec' for use with I 0O-nooc pulses. Various designs were investigated,

resistive terminations (chosen to be 60-ohm) filter, By shunting the center Inductor withinldnmxnal Inr nsdsns Thdein8ecdwsa7poofuerothealI

100-ohmr resistor, the filter characteristics are modified so that there Is praotieallyno overshoot
* (0.5 percent). Other values of ovirshoot may be obtained, -ith increased resistor values. The

- filter was built in a coaxial structure to provide a solid ground path; the resulting unit Is shown 4
in Fig. 2-141. The filter is used to eliminate carrier camponents from the outputs of phase do.
teetors8 and amplitude detectors that must respond to i0O-naec pulses. It can also be used to
shape the video pulse output of tho avalanche pulsor to produce a pulse with r ontrolled rise and
fall times. Since the design can be scaled (in the sense of having practical reaizeations) from cut-
off frequencies of lower than 200 kepa to at least 3b Mops, a wide variety of controlled pulse
shapes can be obtained.

F igure ?-142 showa the response of a 2O-Mcps cutoff filter (Z5 Mcps without modifying re-
sistor) to a 10O-nec pulse. The input Is shown displaced vertically downward with respect to
the output,

The impulse response of the filter was mensurcd by applying a 25t)-naec uifypulse" to a
i/too frequency scaled model. The resulting response is shown in Fig. Z-143, with the input pulse
superimposed. The vertical scale for the Input pulse is 2 volts/rm, whereas that for the output
pulse 1.- 0.2 volt/cm. The time scale In the photograph is 0.5 paec/cm, which should he inter- -

preted as 5nnec/em to obtain the actual impulse responme of the filter, Knowledge of the Impulsc.
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Fig. 2-138. Schematic diagram of a 60-Mcaps jted IF amplifier.

Fig. 2-139. 6O-Mcps hybrid riug. Fig. 2-140. Hybrid ring ihart-pulaG response.
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response is I~srrul in orlualntg the magnitude of the phase transieont that should appear in an

ideal phase oew(,tot' output In response to short IF' input pulses,

7. 6O-Mcpa Phase Deector

jqka dtetorwa bultforus v;' Lonsco pulsed IFslu The design

of it rlhtd aomer~diode combitnatton (the actual .phev detector)'phus a wide-
F ~band video amphtfier that can aupply a a-volt peak-to-peak signaLib, s. S0.-ohm lad. A photograph

-of the phase detector assembly Is vhown in APlg. 2- 144C A 60-Mo~pd trap is hicluded-that ellyn-

inateci the bulk of the 60-Mcps reference signal In the output. Phase and gain trimmers are itiso
*providel. The phaske detector schiematic is shown in Fig.4-145, The vtildo aliplLXrt ha l.o"-.

. frequency etofo4-p bu-sDopnQu.Qaidthe necossilyA i xrime! lfrge __-

output capacitor (whic~h would be reqvived.to maintain a 10-cps cutoff with a 5o-ohm load). For

*,ii reason, a DC .level adkjustroi is also provided so thpit the output. can be 'ot to Saro Ys4 the -

absence of Input signal, Tho phase detwetor ouiput is intended to be fed through on of the filters

(deacribed kn See, 6 of thin chapter). which serves to further suppress the 60-Mcpsqrofereve

Flii~n, s wit n npu ngn' i ldb~ns.When this bq clonf, the output for i1O0-nsec IF input

(a) Top view,

........ ... __

(6) Oblique view.

Fig. 2-144. 60 Mcps p1-ase detector.
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FI4. 2-147. Amp[lItudi detector output.

*pulse is, as shown in . 146, rFour conditions of signal input vs reference signal phase are

-- -- .. - - sh '7. Tho-phaac -transkanta. \trik tnon.1-ldadc. _phAaa"Dg1QA IAf0ghy-.
4O-nsinc dtio and correspond to approximately V peak phase error. T~hose transients are
afected by the bandwidth of the input signal and the video flIter. A calculation bnsed on the-

measured .mpulse response of the video filter (which assumed a perfect section of sine waye as
an Input pulse) would appear to indicate an irreducible minimum transient of the same duration .I
hili Qf on4-half to onc-thlrd the amplitude actually obsejived, -

* The phase detector may be converted to an amrplithide itector which has limited -dynamic- -

range, but which Is nevertheless usbful when only IoW-leVe1linpts~ are availablP, This don-

version is accomplished by orienting both dioides in the phase detector in the same direotiton
(Fig. 2-147) and by aupplying a biAs curment of 7,5 ma DC to the- reference input onneetor., -The
output pleobtained in this fashion is shown in D'.g. 9-147; -I
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PART 3
SUPPORTING STUDIES

CHAPTER 1.
MUTUAL COUPLING IN LARGE ARRAYS

SUMMARY J..L. Allen

This chapter recounts tho.activitier engaged In during the reporting peri.od that ware dix eqed
toward a better understanding of -the effects of mutual coupitng-in large arrays. -

-- , --.. - --- -he -fir at - eit ion-deals -with theoroticaI- inqui ries-into-the- quest ion -of-minimizing-the -effects- 1
of coupling in large arrays of regularly spaced, identlcal radiators, or, more specifically, of
matiniizing the chxange in element impledanrce with array beam-pointing angle. IA in proven that,
a constant-impedanoe, single-madta anitenna. element is futndamentally ia~posaible..... Furthermore,

if one is -interested only in. the aggregate effects of coupling. such as the array gain and the im
pedance variation of Interior eiementp Gf an array with beam-pcinting angle (as-opposed to con-

cer-liau th exctnatireofcoupling between two neiksC tncoofacfigy-tisw.7
. teblisshod that any optimuim element has only slightly less milsmatch with-sean than the'parform-,

ance attainable by using (in an, pptimuko manner) thin dipoles mituated abov* a grbn planes,_
The second section deals with the experimental aind analytical unalynls of the effects of

couplink on an arv~sy of uinequally spaced dipoles, . Wie shown that (a) the patterns Which result
In practice differ markedly fro ii those predicted if mutual coupling is ignored, but agrfee reason--
ably well with those predicted when coupling is Included, (b).when the beam Im scanned, the actual
sidelobc fitructure changes Ii a. more complex, manner than would be the case with an equally
s9paced array, and thig, change Ii not predicted if m~utual coupling is ignored and (c) the gain of
this particulcir array a if inction of scan angle ib only abdut I db less thain t lat of an equal-

* length, mplitude tapered ar-ray. Rtoughly speaking, the effect of the coupling in unequally spaced
arrays is to, partially counteravt the unequal spacing effect on the pattern for pointing angles neari -

broadside (i.e., to "flatten" the Illumination) anti to Increase the taper for wide scanning angles.

A. INTRODUCTION

The aim of the mutual coupling studies conducted asa part of this project is to provide a

better iunder, standing of what might bc called the "aggregqto affects" of coupling in arrays and the
- degrac to which they differ for different types of radiatops, Specifically, we are interested In

the questions of the variation In the gate of a large arra:V with seall angle and tho variation In the
impedance of n typical element with Baal angle. The details of the coupling between individual

elements are viewed as on
t
y a means to an end, albeit an important And( interesting one. The

questions that we would ultimately like to be able to nswer are: (1) the degree to which the ag-
gregate effects of coupling are dependent upon the type of radiator uged and (Z the quantitative

magnitude of the aggregate effects to he expected.

To provide some quantitative insight into the aggregate effect of coupling for a p-tieular

type of radiator as a function of a few variable parameters, we have previously analyzed linearly
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polearized Arrnays of dipoles above a ground fleen.*f We now wish to acquire the sime degreeI
or undersstasnding with respeqi to other possible array r'aditators. Unfortunately, dis1lect mathemat-ICRI"llaysisof ile oupln5.W7a anlyi oftecu 0n.btwoen mote structurally complex ,'odinti does not a~ppear pine-M
tical. but two alternantive approaches eugges themsselves.

The first aspproach io to rosort, to an experimental program and measurq -the effects of in-Itereast in atoall -arrayc of a hopefully ro''esetktve selecIi. fa~itdrckwrew itndt
- condssct such an Intvestigation (see Sec.. B-.6). a- purel experimental approach I& loaded with the

pitfalls of lnudl'rectly interpreting incompleto dtatt taken improperly." To help preclude such
difficulties, somes analytic inveatigatuorris certainly desirable, Since a direct attempt to describe

inhfm-attstlly the coupling betweest spllclfl.c elements (in the manner ofCarl,~r'a equational for

thin dipoles) In probably futile, it appeere that th most probable avenue to imp!'dved theorettcal
understanding of coupling effects Haes In the directton ol' our ;pecific Interedtz examitnation of the
aggregat effects of coupling without reference, to detailed mechanisms., To this end,, we havo 2
beets investigating anstlytically the questions Of ft'a gairiatsd-asr'ay dirictivit as a s,,tfti Of
artray beam-pointing angle. Some interesting s'esults have been obtained (see Rees. A..4 and 11-9
that appearP to shed~ some light on Lima Owgree to which different radiators may differ In impodance -

- ---- ----- ----- characteristics, ad o-te-iiu msee aito ihsa'angle thai may be realizable-7 --

WI Finally, we have exitended some reviotts Work on the effects of coupling on arrays afun-
F equally spaced dipoles, Computed pattt'nk as a-%ftunction of beem-pointitig angile on a f;3-dipo!IT

array e presented. At is oliown thatthey cast some doubt an the utility of un*quwA spacing (as "

opposed to "dettaity taporinfiIg .inl which thle olemeonts are equally speclod but the drive"A omitted
from some) es a means of shaping thle beams from scanned arrays of closely spacoed-elements, -

B. BAF4IC INVESTIGATIONS - Ji L. Allen

1. The Gain-Directivity 'Discrepancy. fnsr a Constant Impedance Element
It has been established pireviotssly that the gain measured at the peek of thle mai beam of 1

a In rge, regulairly spaced array of identical radiators, "fud".in Such a manner that the elements
dO 11'1t-utuaily coopLT-irough the lead itrutturo, can be tr~ps'osued as -

where qsoo, Oo atir spherical coordinates that define iho pointing direction of thle -main beam
[see tFig. 3-1), N is thle number of elements In ihe artray andi)t is the array taper 6fficiency -

'6 <I he .jIcunction gte'o,,. 0 00) Is tho "element gain functiori":4 tho gain as a function of angle

*JL. Allen, jLt a., "Phesed ArrayRador Studlmn, 1 J..ly 1960 to I July 1961," Technical Report No.236 IU,
Lincoln Laboratory, M.1. T. (13 November 1961), ASTIA 271724, H-474.
(J. L. Al len, " Golnand Impedance Variotions in Scanned U! pol e Arrays,' Trans. IRE, PGAP AP- 10, 566 (1962).

t J. D. Kraus, Antennas (McGraw-Hill1, New York, 19Y50), Clh. 10.
§ J.L. AllIen end W. P. Delaney, "On the- ffect if Mutual Coupl Ing on UnequallIy Spaced Di pals Arrays," Trans.
IRE, PGAP AP-l10, 784 (1962). INote: Fg1s. 2 and 3 of this paper are interchanged.I

J[R. E. WillsI>', "'Space Tapering of Linear and Planar Arrays,' Trans. IRE, PGAP AP- 10, 369 (1962),

T 1-236, pp. 299-306.

*See, for example, TR-236, pp. 206-209.
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Fig. 3-1. pls~u, uricy geometry. ' ft
of a "typical,' eldment mesaured in'the array environment with all othter elements terminated in

thbir normal generator impedance.
It. in mportant to note that the above. result is based upon defining gain to involve the ratio

97 ~of the power density at the peak of the main beam Ut, the total power gjaiiW~r. from the trans-,-- .....
muiter, Thus, any mismotches in the array result in a lowered gain, and the array gain defi-
niely-dopiantla upo bth--tio array ipattern WW the array Impedance proper'ties.,

It in neressary to draw a tcar~iful dintinction here between the array gain G(,o go) and the
array directivity U(Oo0, eo).* The latter involves o the rsitio of the power density at the peak of

a-4i; !the main bears at %o' oo 0 to the total power rnaiad.con~ioquently, it Is comrpletely specified
-by the array, far-fielcl pattern magnitude.

___ It is shown in Appendix .A [Eq, (A- 110) that the directivty of' ant array, with the main beam

pointed in the goo 000 direction and with grating lobes at angles Olk, elk! 'atiisfying Eq. (A-3)

of the appendi x, in' 4fft)1
___~ (q 0 0 ,000) COB

where, using Eq. (A-7) we have replaced the element pattern ratio of Eiq. (A-3) by the gain func-4
tion ratio for later utility, The. elements are assumed to be placed on a rectangular grid Dx by4

I) in tits notation, but this restriction is not fundamental.,
y

If we reflect "opon the significance of the difference in clofinitfons of gain~ and directivity, it

is noted that if the array is assumed lossless,(an assumption that will be used tacitly hereafter),
the array directivity and gain can differ only as a result of losses due to Impedance mismatches

with the directivity representing an upper bound on gain. Comparing Eqis, (I) and (2), we see

that this imnplics a fundamental conatraint on the shape of the gain function:

* Throughaut this section, we will reserve upper case Q and Q. for array gain and directivity, respectivYel y, and
lower case j and u For element gain and directivity, respectively (as determnined in a passively termilnated array).

tFor angles far which no grnting lobes exist, Eq.(2) reduces to the familiar

D D
0000 oo " r o Bac
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If one emi~ld rqnlize an-element- that maintained a, constant tmportance over somne prescribed.
*beam -pointing angiles, the array gnin and UICdire ily would be equal for all scan angles and, for --

this iulement, Eq. (3) would ba an equality, At Pu'st glance, one might conclude ,hat -such an ole-
lunent need satisfy Eq. (3) as fin tquality only over the runge Of angle thA!'ohe Intends to scan. -'.-

H-owever, If we remember that the mechanism that causes the apparent elemnent -impedance vari-
- - ntiof aosoitted with mutual coupling is the coupling into an antenna of the rdsultant field from

does or does not couple to this field, depqnding upon the phase diffrence between neighboring - -

antennas (i^.the beamn-pointing angle). Consoqutnnly, we must week an eliimesst tlutr pndergwoes
nd change in impedance for any beam-pointinit angle, iicluding anglos which-produce grating
10loes for the element spacdng. used. It rollows from Eq, (3) that the gain inction Of this 1! 10,08
elemnent must hbe --

g~g0  e00 ~'T~ r~ t 'D ,D9((OO God-o (4)

-'- whore n(on 0  D0 ,U~ is the nM44cr of grating labes in reel space that en array with a
y

by Delement grid allow.a when the. main beam of the array is-pitdi' te~oe 0  iroih
-lowever, since Eq. (4) specifies the -value if he element pattern over all qptsco, the equation

*can be used to determine the elemoni pattern directivity as well as the gain. -

For exampile, if we concentrute Our attention temporarily on an array with x = DyX/

*-(for ease of mnathomatJical ninnipulntion), there in only one major lobe for any acan angle, and
itq. (4) indicates that the value of the gain futiion in the bruodmidb, direction muat be, -numerically,

g(0,O i

for an element matched for maximum array gain when the beam is pointed at broadside. IuN
thermore, Tiq, (4t Implies that. thle variation with angle of the elanent pattern of any constant im-
pedance element must be"

Ifi'pe)I .(6)

By the definition of directivity, the broaudside dirctivity of ain element above an Infinte ground
Plane is

u(OO) ur fll/g,p, e) sin OdOdo'(7

and one finds that an element with a power, pattern given by cos a must have an element direc-

tivity at broadside of

11(0, 0) 4 (It)

It would seem that any such element must have circujlar SYMrnntry nece the pattern has no St dependence.
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* Thus. it is seen that the eleniont gain must lie less than the elemient directilvity for half-

wavelength spacing. i"Altthoroinve, it ie obvious that the discrepancy will tnecaae for spacings

of less than a half-wsivetength, since Elq. (4) intdicates that the gain will decrease Lis the product

- )DD, whereas the (iractivity will remain that of it cos 9 power pattern, as given by L q. (6).4
Finally, the diriviyipidb 4 a been calculated for spcIg geto-than a half-

waVelength by numerical Integration for a squlare element grid In the range where at most one

graiting lobe can exitu 1/Z 2D D < 114. Figure 3-Z shows a plot of the calculated diree-

tivity at boeid8 0 compiAred with the gain funcption value at that ankle. It Is, apparent

tht ip dfe sepaney otinuieo to exist for spacings of interest for wide-angle scanning (the sig-

ailinice of the apparent vanishing of the di!!cr-.pancy at i/'.Y spacinig hP,9 not been pursued),I.

LO--- -- - -- -- I

gain ftoeon to the Wgotdlo eloment pattern direc- .04,i.-2 Pe ftuul u ~.Ir~~id lmn __
tivlty (Wr filrtal llaonstant Impedtance element" far -

Dx D yD

The existence of this discoreplancy certainly noelm Pt a cb.tnhevidyofh s

sumptionof tho existence of a "constant impedance element." Hiowever, before.,rejecting the idea =

completely, we must examine more closely the implictitons Or the rttScrepancy. .-

2. An Eviliminstion of the Implications of the Discrepancy.

The implication of the discrepancy betwein tise gain and directivity of an element that we-
prim~tlated to have no mishiatch with variation of array phasing (beam-pointing angle) can he made

apparent by re-examining out, issumiptior~s and our definitions (if terms, In order to eupIate , .

Eqs. (I) and (2), Ii addition to assumng. lomsloss antennas and feods, it wits necessary to assume h

that all the power from the array transmitters was radiated and no msismatches existed under tile

condition that the entire array was radiating; On the other hand. the element gain function is

determined by passivel teriinating ail the olilltionts except the one in question, and exciting that

onoc. T]hus, tile implication of the disurepancy begs an explanatton based upon the difference

between the two conditions: (1) ell ttse elements radiating and (?) rne element radiating, all others

passively terminated.

One possibility, as cited abhove, is that the appairent Impedance of the anterna must differ

under I tie two conditions of intercst aind that our assumption of a constant Impedance element vi-

olates fuadanicitiat laws. 'Thai is, wheni all the elements are radiating, a wave is coupled into

any particular element and traela backward towardi the generator. To cncel this wave and

eliminalte the loss in radiated power tt represents, it Ii necessary to set tip n reflectton fromn thle

*Thb ossum.,-16n -f On, infinite array, implicit in this argument, Implies that there is no discernible ilmnto
toper, otlher then the linear painting phase, across eny' finite section of the array. Thus, itluminetion tapering -

effects would be eliminated.
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elentent with respect to its own genierator (leading tothe commonly used concept that the element

imnpedance chkinges With the excitation of the surrounding elements), While thim',refliqction 'fixes"

the element in the p('eaence of the others (for one particular value of coupled field) so that the
clement appears matoted vader thee conditions, it -49 obvious that turning 6ff the other element

geheratora, -as one would da-to measusre the. element -gain function. will again make the elementl-
appear mismatched, and this would caiuse some loss of available power due to reflection In the U
excited element, In addition, still more available power Is lost In the termination of these in-.
nclive elemtents because .of the parasitic excitation of other. elements, The results of theme Iwo

types of losses (which. are both really due to the same mechanism and, therefore, must always __1

co-egist) is--that only a fraction of tht available power IS radiated Into asae when a single ele-
m-remtriaexcte; .This gQ= account for a gain-drtvytsieac----- - ___

F~or auy clement for which this mechanism does account (or the discrepancy, It is obvious I
K thait (he apparent element driving Impedance In the array moust varY with sean analb. Thia follows

tablish .,he discrepancy, and the, total fteld in the vicinity of one radlietor due to the others eel'

- - . . -tainly VariLes with the ar)'ay phasing (pointing angle),
Aquestion of fundamental importance is "Are thp,-o other phenomena that cad lad to a

gain-directivity diserepancy without requiring an element Impedance that varies with &can ingle?"

It hik ithabeen suggested.. for example, that the dua of travelini-wave anterneks, With ting passi-

biliy of a directional coupling"t phnmena, could loond to less-element impedance 'Vatriatton

with scan: angle thari is incurred with such resonant esritennam a. dipolem. An equivalent circuit

- - .-. *,. ,.Cor two such radiators might he am indicated in F~ig, 3-3. However, it does not appear that any

directional coupling mechanism can account for a gaihn-direactivity discrepancy under the usual

-. . . assumption thait the result of directional coupling is. the rescattering (not the absorptior) of power -

coupled from adjacent elements, Kescatterln~r ninn c'arininiy rnnnrest mlles' 1tnclmnnt gain vs -

directivity characteristic, since-it is not a lossF mechanism. Therefore, -fl would ippear thilt two IIi-

IFig. 3-1. Equivalent circuit for Independently
driven iraviiig-wave antennas,

* GE, Mueller and W.A. Tyreil, "Polyrod Antennas," BSTJ 26, 387 (1947).

tfJ..Alen, at at., "Phased Array Radar Studies, ) July1l959 to I July 1960," Technical Report No. 228 IUJ,
Lincoln Laboratory, M.1.T1. (12 August 1960), ASTIA 249470, H-335.

t W. E. Rupp, "Coupled Energy as a Controlling Factor in the Radiation Patterns of Broadside Arrays, Abstracts -

of the Eleventh Annual Sinsposurn, JSA AtnnaResearch and Developreant Program, University of IlI nois,
Monticello, Illinois, 16-20 October 1961.
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aleineitta having oasentially'thu same gain-funrction shape must hP~ve approximately the saein

variatioan intsmatch (pmurq precisely, reflection coefficient agnitudel with scan angle iona

pla-itr array, even if one its a traveling-wave antenna and the oilher a dipole, for exAmple. (Note

. that we are makingi a statement rogarding only the aggregt etffs~t of the coupling of manyt Ole-

mania, and not tise details of th coupling between, for example,.. two Isolated elemnentp,)]

-~ ~. dirA phenotl'on has been pontied out recently* that does appeAr capRabl of causing a gain-
drett vity atscdapancy pecutiar to circularly or elitclypolarizedelmnsadtt

may allow. an alirotint to have essentilly the as\ia impedance In free space and in an array of Y

active elements (at least when the array Is phased for broadside radiation). However, this con-

istancy of Impedisnc k is pitid for in tjrms of eiginfip~stt element depolarization.

-. -00t, 3s4Q* ssser'of planar' array of crossed dils
atraqled to radlatil rimInally acireulirly Polarized rct-

dlatl~n.L lndlaqstrminal that raiates loft-ham:d h i. -~ f
airaulat polarlsat art; R Ind~cate, psrnt!~l that radi- L
oae right-hand ahaiular Polarizationi

+ + ........

Thin effect can be illustrated by analyzing the behavior of an array of circularly polarizedZ

radiat ors, as, for e .xample, the array of hybrid-coupled dtpole 7, indicated schematically in

l ig, 3- 4, If each linear component of the circular polarization is considered aeparate;inpc

tion will show that wh~fi all the elements are excited in phase, vertical dipoles couple only to

vertical dipoles and horizono dipoles couple only to horizontal dipoles, It we now consider all

elements except the canter clement radiating klefthanqd circular polarization, the power mutually

coupled into the Center element wilt appear at the radiator port appropriate to radiate right-hand -

circular polarization, as Illustrated by Frig. 3-5. By virtue of thim difference in the terminal as-

sociat", wit), Lao radiated and the mutually coupled power, It would appear possible to place a

circularly polarized radiator In an array of similar radiators with little change in element drlv-

* Ing impedance, at least when the array Is phased foi- broadside.

However, msutual coupling is still working to iimiiiish the gain of an element. If the riaht-

hana circulur pus- is is ~ power is lost in that tjitnissation, lowering the value of the

element gain function at broadside. If the torminal is left unmiatched, an orthogonal component

of radiation is generated that will vary in amplitude with array-pointing angle, producing a

*L.1. Paoe and R.W. Krouiel, "Mutual Effects Between Circularly Polarized Elements," Antenna Arrays Section

of the Abstracts aF the Twelfth Anual Symposiumj,_u~sAP Antenrpo Rsearch na Developnment Program, University
of Illinois, Monticello, Illinois, 16-19 October 1962.
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*R H (a) Excitation of dlll1s for generoaor connected, to
S.~L te inajLjjdngts trmln I th itrnlls left!. ..

I........... ...... .. . hand circular polar itlon, R- da-ia., teyminel .that
tronsmits l ht-hatd/circlar polarlxatlen,) _.

%I t
, . 7 (b) Distribution of output .poe whncose .~a~

. ........- .. . * . __. _4er etemelly ex ed.tth satne phesltof linearly

I' ltoII Y
-  0 volts

-. . .-..-.. Ii..... Ll r.

Pig. 3-5. Illustration of differonn excited tillminals dependisig upon origin of eixaltation.

polarization Ios' vrying with eean agle, and consequent gain reduction, To prevent-th-ons, . .- -

one must mismatch the individual radiators in suilifi iiffe- tl FThe power coupled into the -

right-hand circular terminal to exactly canceled by a roflectlon from the dipoles lIna manner

aimilnr!4o the matching technique normally used with linearly polarized antennae, ' lsi nethod,

of canceling the cross-polarized radiation (which obviously works correctly at only one perticU-

tap anglo) leads again to element impedance that Is different when all the elemu. ta are excited
compared with the case where all elnents hut one are pasimvely terminated, and we are "beck

where we setrted" with A Oain-dtrectiVity difference due (di. leastparty) to element-inipesdance
variation.

This polarization effect, rather than a druecttonal Coupling zieunssinin, iIigiahuNpiai itkU

low mutual coupling that has been observed between pairs of elements such as log-pu riodlics

and helice;t Le,, experiments hive tndicaLed that there is little effect on the impedance of one

element when another excited element is brought nearby, Rather than beinlg the consequence of

the fact that these are traveling-wave ntelnas and may function as if coupled by a leaky ditrer-

tional coupter, the low element-to-elemetit couplng maybe oue to the polurizationl properties

of such elements. A helix Is a circularly polarized element, and thc forms of log-parindics in-

vestigated seem to be at least elliptically polarized. Therefore, these radiators may behave as

elliptically polarized radiators with reactive terminations (actually, no termination) on one sense

of circular polt rivention. By (le fo regoing reasoning, mutual lnsiji i g affe(ts would tend to be

manifested as a depolarizalion rather than as an impedance change, at least for a brandside ar-

ray, Unfortunately, the previous studies did not attempt to coordinate element polarization and

element impedance properties.

* TR-236; also W. E. Rupp, op.elt.

tA.R. Stratoti and E.J. Wilkinson, "An Investigation of the Complex Mutual Impedance between Short Helical
Array Elements," Trans. IRE, PGAP AP-7, 279 (1959).
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I .t diceac ta B.

In summnariy. it seems reasonable to suspect frlom thle gain-dt.rectivtt iceac htai

coanir n pedc cinin va ehd(i talnly by Introducing some mechanism which I;
7.converts aill mutu)al coupled power Into a mnode orthogonal to that wbich couples to the elemenlt

.generator, a01mb as the "opposite -sense -circular"l coupltng P~~~ea~e iu'therrnore, at

-. ~~~~ -. -- Ulst in this cikail "ailhtE~iffg oll -U
p~we wilererdiairi itcauesundeirable effects in itself. Attempting to corrtect theaO tI-

feoin ipsrts again to apb lemeont which exhibits variable .Impedance With scan-angle.. A

EIt is logIcl, -te ,to se ee some ndtoaton of the ex~tent tbwhiih the impedance yen t'lonlAM -

can be controlled Wn "OptimutT" leil n ~i.sb~t l -ninrzyr!m rne - -

___ a .. ofah An~ti gle).,_In the following, illeiatonwe0 wilv-not-xictti d-hpdibtfG -_ --

poaiainlosses,butryt~her confine 6uir atnint-~ a-1-1FTTWPR-1

- - ,: enon sllSwed is elemeht mismatch.
--- t. 3, teUanDrcivty Di. erepan~y. for. :Jontnnpta&fz~t~ft

-- ---- j . ~~In order to fratme asorne generali-conclusionl about (edfiec nagbaifttlculn

effucts in el~m~nis whose impedanc re ihilkbU FEflf~h~fwftefl
RE irectivity disorepuincy if we p'orttait the elen~inl i I ipedcMIaC6t5 vr'rwitrah- ang le.- -- -

<iii . - ~~As p reference Point, it beassumedW that we adjust- the lmpadefce Qr-the-s sosd-v-----

Ing the array elometttl SO.Aitha linyieaclmile when the beam 4!2pW54 t ta*V~ oidiifdU -- --

We wil als assue C < 1, 0 1< , so thit only onea major lobe exists for'bodiundw

Wr tion. Equality thern applies in 11 q. (3) forl thisage and --

g(OOn)

'l'ht is, by suitable Impedance matching, the magnitude,,of the gain function at broadside for an

element with varying impedance cari he iade equal to IhlpI of the 'constant tmpcdance"l element

of tho previois section,
However, since the elenieot. Impedance varies with scan onglo, thle array gaia must be less

*titan the gain of' an atrray with constant impedance elements fot outer aingles; thus, the Main tune-

t ion for a varitable impedaunce elemeont cannot be numerically greater at any angle than that of a

- constaat inpeuiiimce clement, aind will he less for all aingles except those for which the array is,

matched (which we designate as thle anglo 0t, 0). Thus, the gain 'unction of the, Variable impedancea

- element which has been matched at broadside will not be as broad as a "constant Impedaince'l gin

function; consequently, flie cttrcctivi of a variable impedtance element ifl an array must be

greater than that of' a constant. bipedainco elamant.

For extample, consliter a large array whore DX -y 1/2. No grating lobes exist for any

scan, and Eq. (3) cal tie c ritt on as ail cqtialitY sintce tie Inequality is a mesuit of maismatch loss,

I 1 r12 'The refore, we can write

ut'".no Pt - q ati *i - Ir i, _n ,l (9)

where t'aPoc' 000) is tho rufiction coefficienit associated with a typical eleent of an array as

a functionof th ime ray tea in-point tag angle wheni the eimtire at'ray Is aexcitedt. Tbha assumption

tttat 111P etein, is mama tohat at broadi e iatmpuites tilc roostraini

la(O (00) = 0
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IFF

[fC 0) <0 00 786 (1)

follows fro g*s (4. a (o) whte rmflite of owe discrbepanc ppr ti~ t the sategrngl

Wiletidno t s. ct doe otsb) lea dirdctlyt t i moetullr thf the gIpne oiy orheec
of anonly existeleoentrletlell Its confielemtnt, bit doll pnovie Rt sthear degree ofwhnthgtated

lmentsan be caitonprd Iit a, byeromr inwege at non element, those t in fer crtai

4 ro T q.()ad Bwt he Magnitude of the dan-ietvt iscrepancy poeRitiorsllth nega

ovrAbov s ace Grund ofPlane )2CB asidctd yEs 8)ad(

ofAn eptimmt avlabtlet fonopao it s niuatin, it dof-prve at standae, gainst wich know

ground plane. F~rom previous studies * the curves (Fig. 3-6) can be generated for the reflection

coefficient incurred by scanning in the two principal planes of dipole arrays with valu square-

element grids, when the dipoles arc mounte at ap~proximately thc optimum
t 

height above the ground

plane Vor ear:h spacing. It is apparentl that for miinium VSWi (bui not nekes-ili ininilix 1gaiiO-

hers of elelrt) a bpacing of X/Z should be used, lect us examine how the gain-diractivity ratio

of a dipolo in an array with half'-wavelength spacing at its optimum height (a X/4) compares with

the limiting value of Eq. (11).

*TR-236, Fig.3-31, p. 2 33 ; Figs. 3-35 and 3-'to, p.23 5 ,

tTR-236, Fig9 3-21, p.
2 24 .
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Pig. 347, Equivalent circuit of dipole and dive alrult.

We will assunle each element. to be Independently driven by a voltage generawi' or internal..I
Impedance Zg (Pfig.1-7), Thfa fnerat- to right acc ~iy iru&e coupledvotg
gigInto tite dipole. The ituivition Z. repres-ents the impedance of ar $ingle tsOlated'ltipo!o X/4
above ground, It will be assumed that only one element t5 dr'ivan - opecirtucluy, in" center ele-

- ~ment (m S- 0 f a large arpyhaying-the geometry- ernimn-Fig. 3 .1. Mll othcr ciurntc4i4
are pasively termirfated by olosinj the slibrting mwituh. Only 1tfirat order" pupllng will be aonk-
mid~red. i., It will be assumed that the only coupling twk signiftoance to tt.mit elerbnfi.4s that
between it qnIte-rvn element. (The error- lntroiluced-by nrngledtinaghr-de copln
should be negligible, as will become apparent from the numbers '1inwolvid.)-

Under the assumption of loaaleae elements, the gain-directivity ratio of' an~ Glaotmit ia'nul. :7I
merioaktly -equal to tha ratio of the power ra~1ited into distant. space by the element, (when all1
others are passively terminated) to the power available fromn the generator of the active eleMont.
Two mechanias reduce the ratio to loe than unity: (1) the reflected power absorbed in theI
generator r~esistance oif the driven element arising fro tems ththat appeurt"When the ,

other element, aire turned off and (2) the power coupled into the parasitically excited elemnemnt NO
feeda and absorbed In thoir termination,The two losses ar6 easily computed by circuit theor'y. Expremsed in the form of ration to
the power available from the driver element generator, the ratio of power abaurbed in the driven A
element is .

p I+ Rei{2
I+ A

aa

where P in the rcal part of the solf-impedance Za' and ZM(0, 00 0 ) is that part of the imped-
ance of an active clement (array phased to point the beam in that P 0, E)00 direction) that is due
tn mutual coupling. Re denotes the real part oif the quantity. Explicitly,

LM(,poo, 800) Z.,,. exp fjk(mD. sin Gc cos (p. 0I- nOy sine0 0,, sin v,, 0)) (13) -

m,n:Ao

where Zn,, denotes the mutual Impeda~nce between the mn thelement and the center element.
The notation m, a 9 0 implies the term m n = 0 is excluded from the summation as derivation
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' of Eq. (13) is lkivn in T11-236, pp. 209-210), The fractional power dissipated in tbe parasitically,

excited elenion'ta is found to he

Z N

VI
" ° n_ - .- -... .. .• . ... ...._

|+

In 'T'I1.,36,t it is established that for thin. hAlf-wevelength dipoles gpaced on %/Z centers X/4 . _ -

above ground, the following approximnaie 4umerical values apply:

- ZM(O, 0) 64,'6 -j 30.2 -- ,, "

The values (in ohrpss) of Zmn,oo were scaled from cump utija dkt
t

.. (Fig. 3-8) "tr the first twollrinqmll of elements -Rmariotnding thedlneeet The valu et of I Zmn-o/ZRa ,.,, ?.

-- ye element are indicated in Fig, 3 a9 , and the factor of Eq, (i4 is round to be

.2n 00 0.2749 (

It Is then foOnd th,t

.'p 0,227 (16)

- and

d-000 . .- (17)Pa

Thus, for these elements,

U(- =I- 10,227 I- o o.t9~ 683 ,.(a

A comparison of this value with the bound calculated in Eq. (11) indicates that the X/2 dipoles

(Dx = Dy = 0.5%) mountcd X/4 above ground have a gain-drectivlty ratio of 0.87 of the ideal value

of r/4.

5. An Estimate of the Minimum Impedanco Variation Realizable with Any Radiator

laving "pegged" the gain-dirctivity ratio of the dipole A/4 abova gi ound to be only a fraction

(0.87) of the upper bound value of v/4, there remains the important question of the implication of

tTR-236, Fi9.3-31, p.233.

f Using Carter's equations, as given in J.D. Kraus, op. cit.

tThe small numerical values of this quantity represent our justification for concerning ourselves with only "first
order" coupling.
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tis result for the choice of elements to be used in an urr~y. Speciflcaiiy, If the dipole isanai the
optimum element (from a snisrr atLh standpoint, at lo ask) we asla (a) What element in? ( b) How

oi is thie "beat" elemnent?
we Iin provide an approximate answer to the socsond question, which In turn lead# to some

Inferenbes Ekbout the.answerto the first.--
-- Returning to ttcdipole, the ratio-of total poe lost to the available power, when a single

element was radiating wam found,,to be-

w hareas -it we could'opproach a constant Impedance element arbitrarily aloo,91y, we could, hoe

P*
tI~ 4- i/4 O,2t3 (ZO)

It appears. thereore, thut one could~a son s-the-6eat-ele ment-mismateh-behsivior- ach evable-by
invostigating the reduction in mutual. Impodan~es kbonaiitent with bringing Nq. (19) Into better

uyii the losses, as specified by Eqs. (12) end (14),; Rf tclrwwl-spoe ht-ygm--

nkyatical--process it ii pommible t6"scale all Z'~ by some complex ocnstant P (this form of
- - -, mn,qq

reduction Is not, wf courso, unique or necessarily even pouseiblal however, the magnitude of the
efcotaned in ouch that a inore oarlilfsliy considered model seems of questionable, value).

OtelsAYON MATCHINJG NEtTWORK A0NiNA

IN MATRSI Fig. 3-10. irutfor matdhlng_
IMEDNC a radiator at broed.ide.

First, in order to limit the choice of R Is. somewhat, we will assume that what we specifically -

desire to minimize is the refleciLion coefficient incurred In each element when the entire array is
scanned to an equal angle in the two orthogonal principal planes. For an antenna with a matching -

eircuit equivalent to that In Fig. 3-10, the reflection coefficibni of a typical etemnent as sen~ by
its generator; for a beam-pointing angle po,.9e0 is. by definition,

rZ~o ZDkp0 , 0) -ZD(0, Ot )~
Z )(p0,E) - Z ,, 0, 0)

t~hereaer s rmined hetZmn00 Is defined In terms of the coupling between antenna feeds, tt is immaterial
in this analysis whether the rescatterecl power from the parasitic elements is simply related to Zmn oo or not (it
might not be if the elements couple directionally, for aemcipla); thereforte the following argument appears valid
for at least ail linearly polarized radiators.
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or, in termsq of 7

Z((.)Z 'f z %I '.0 1
.

where ZM(0, 0) 10 defined by Eq. (13).

11 PzM(IO.9o) -Pzm(O). a
R M V ' 0.) .-

4
(ol 0)

- . 3 - Lot u: potuate that we wish to scan to 5W. n both princial plines, and reutrt~ut allowablq-I

iq so(,0)I a'r(9o 0

From TR-;231, (F1g .3-3,1, p. 933)'we see that, it we take o 0 an the 19-plane of the array,

(0 (0-1 36 57B) ohms ,..

Z0901, 50 ) ( +j 105) ohms

ZM(O 0) ('1. 30) ohms

KW_ to slide -rule socuracy. Figure 3-11 shows comp~uted plote of the prinaipaiplane reflection co-

efficienits for 1A 1 1,0 and 0.8 as a function of thin phase of 0.

Fig. 3-I1.'l. Principal pians reflection 0 >,\
coefficient magnitude vs muluol tin-I

pedonce modification factor 3--
/ I I E-PLANE

OPTIMUM4 POINT 151 OA
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stud tnic~sa tat he otimm fr 50" seen is slightly greater than'this value and ieaut i

VSWI1 af Mbout 2.4 ins both planes - a value significantly near our lower bounsd.
One might' even be tempted to 9pecuilate thqt there may he qualitat~vely little difference in.

thq magnitude of the aggregate coupling effevutai realizable with _Most types of radiators commonly

considered gor wide-angle -scanning arrixym (i.e., elements which have broadi free -spaie element
putl trne trntvey w- vewspfc gain).It they are adjusted to provide sisoxisnurn array
broa~dside gain, However, this io a tentatilveca ,oel uuion that requires a carefully extecuted ax-H

perimntal program for confirmation, PA rticular aittentions must, be pai d to th e- qislificanion
F"realizable," siace it is appant from the''foregoing xtudies that orte van easily and umwitingly

fal to time any paticular typo of element in an optimum way egwith dipoles, fail to choose,
the-optimum dipole-ntomground plane spacing for the griql spacing tpeed).

7. Future Plans for Inv~stigation oWf utual Coupling fet

Only uihabte ndert dtg of the coupling details associated Avith "i'tj l4e
of elemerts catiwe be sure we are evalvating that class of element fairly in an experimental
prugrAlt. To achicyo better understanding of coupling affects In eireularly polakised radiators,

Xan nttempt should be mode t9 analyse quantitatively (in array consisting of infinitely thin: half.-
wvn-.vclengh, crossed dipoles, fao irt~rianrature above a ground plane (P'lg. 3-3), This. study could
he siia nscope to teonslepreviously reported for lineat" dipogles in Tl'-236, exceept, of course,
for theeadditlont~i concern about dep~laits'ation. Such a tudy ight shod light on th9..@2d1cttjq.

~sof mutual effect$.
E ~ The only appareant stumblin g block to such ai study 'is the lack of tabulated mutual Impedance

9data for "1skewed", dipoles that tare required to doeuriibe the coupling between orthogonal linear
dipoles. Tim s4pears to pose no maJor difficulty, however, sincn the appropriate formulas are

well lsnownl and appear to be amenable to numerical integration.
its order to carry out a careful, meaningful, x erim4ental investigation of coupling between

complex elements without incurring thU (IlffiUultQIus inherenti in attempting to make accurate phaso

anil aisipliiudo measurements of lono coupling between parts of radiators, we plan to construct

a enmall. p~lanartt array to measure tlsose aggregate effects dirertly. On the basis of our previous

studies, a 7 X 7 array would appear to be large enough for reasonaily accurate impedance de-
7 .termination on the uenter elemnti -However, In order to avoid a nomplex struciurewith varia-

ble phase shifters, it seems advaniageous to utilize Multiple beamn-forming matrices, Consn-

*quently, we are in the proccss of procuring ten 8-input, At-'utput, partlll-fed, simultaneous

*beam-forming malricest§ 'I'he resulting tt X 8 array will allow the dletermination of the element

-- driving Impedance at a sufficient number of scan angles to obtain smooth curves of the effects to

be maeased (i possibles 64 points).

*TR..236 pp.225, alse in J.L. Allen, 'Galn and Impedance Variations in Scenred Dipole Arrays," Trans. IRE,
F'GAP AP-l10, 566 (1962).

f . P. S. Carter, "Circuit Relations In Radiating Systems and Applications to Antenna Problems," Proc. IRE 20,
1004 (1932).

F. H. Murray, "Mutual Impedance of Two Skewj Antenna Wires," Proc. IRE 21, 154 (i933).

tJ. Butler and t. Lowe, "Beam Forming Matrix Simplifies Design of Electronically Scanned Antennas," Electronic
*Design (12 April 1961), p. 170.

§J.P. Shselton and K.S. Kelleher, "Multiple Beams From Linear Arrays," Trans. IRE, PGAP AP-9, 154 (1961).
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At the 1h-ad frequency to 'be used, the matrix and Its associated cables will be gmall
enough and !'ght enough for portability. To oblain data on a wide range of element types, we
hope to Cflpit4 l~ae on this posrtability by offering our services to interested groups irk the industry

for llon-tho-s:sot" element impedance vs sean detormisatioxi on-their arrays, These measure-
- - liiC,5t5 ;ould,bi~~i tn~lg qr. pvriai~alo&i jrn~~ .u reikL t~ittdIn ~

C EFFECTS dF MUT1UAL COUPLING ON AN~ UNEQVALLY J. L. Allen andU
SPACED DIPOLE ARRAY W. P. Delaney

W q ssrecqsntty rqpoqTet thgte ectof tU~tgIoupting on tI~f roideptterrt of gn tin*
-__ Muly paedd Iol rraky,__Iq thia section, woIme reo V111 1 84 for theof-rate pat- L

terns of the same array.
~' The uts4\of unequal spacing of equally excited intennam as a mens of-beam shaping haa been

the eb~ecto~ sveralinvetigs Joilt technique can he showi,. to be capable of producing a

rlose-in sidelobe Pattern that is ver'y nearly the Fourier transform of the density of the elemnents.
une .- tftothi'coommon asSumption that mutual coupling can be neglected, HoweVur, eve under hi.

-~ buds to l cse of the pattn athr out in thesidelobe reagIon,. the----..

I sidelobe level being primarily governedl by the number of elements actually used, - The logo in
-- ~pattern control seems to begome quite prvtibtsnued at an angle about halfway to the pgng

position, one,,would obt if% from an array with oqual element spaoings corortaponding-to-tho -olonopt- ---

-element spacing of the unequtally spaced array. Thus, for control, of the bulk of the anteonfis pat-
qV, tern appearing in real space, It Is app arent that some 6f the) elements should be fairl Iy closely

spaced (eg, nthe order of half a wavelength). li-owever, at such close spacing, mutual cout-
pling is certainly quite strong.1

Whilexmutual coupling is very strong In equally spaiced arrays with close spacings, the ef-
fects of. this coupling onr tire alse of the antenna pisitern is not severe. T1his Is due to the fact~
that in the regular' environineeit affordec aimost all elpmento by the equal spacing, theeffeo of i-
mutual Impeance are primarily to scale the pattetrn (vaily the gain) in a nrea rly cons tant manner
over the entire pattern. Put another way, virtually all the element, patterns are Identical end
pattern multiplication is a satisfactory approximation, .-

-However, -this regula Ir environment is not present in unequally spaced arrays, arid It is ap-
parent that the effects of coupling on an unequally spaced array can not be so easily treated.

To explore the severity of coupling effects on such arrayB, we constructcd a 16-ecment
linear array oi parallel dipoles, using a variable elmn pctg ('Table 3-1). Trhis spacing was
calculated to produce a first sidelobe level of" -23 db in the absence of coupling, with the beam
pointed at broadside, The fact that the spacings are not quite symmetric about the array center
results from a quirk in the computer programn used to generate the spacings. Since the error, is

*.I.L. Allen and W.P. Delaney,opit

tRecent papers which also include bibliographic references to other work include:

A.L. Moffett, "Array Factors with Non-Uniform Spacing Parameter," Trans. IRE, FGAP AP-10, 131 (1962).

M.G. Andrea-en, "LinearArrays with Variable Interelemeet Spacings," Trans. IRE, PGAI' AP.10, 137 (1962).

4 71-236, pp. 291-298.

§ J. L. Allen, "Gain end Impedance Variation in Scanned Dipole Arrays," Trans. IRE, PGAP AP-lO, 566 (1962).
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TABLE 3-1I
ELEMENT.-TO.iLIENT SPACINGS OF 16-DIPOLE

UININVALLY SPACED ARRAY

2-,0,074,

___3-4 __f . - 9.62

6-7-

19- 10 IQ -,~ - -----

K.b .- 12-- i3-----------
13 -14 .0,104

14-Ild' .3
1s- 16 1,041

*A elM.oments are numbered, from I to 1.6. 1
on the order of I to 2 percent, the asymmetry effects were not expected to be noticeable, which
-Indeed Pvoyed Lu bs. the case'. The resulting array Wa shown in Fig-, 3 -43 ; a close-up of one-of the'-
dipoles LB shown in Fig, 3-14. Broad~ide patterns were taken on the array ustng a well-matched
corporate feed with an Impelaijue level chosen to. match the impedance of an isolated. dipole. ThisI

-- choice of impedance seemed likely to represent the best average match for all spacings (this as-
-- sumption was not verified, however). Broadside patterns were taken and compared with the pat-

ter ns computed, withmutual coupling neglected, Th~e resulting discrepancy is shown In Fig, 3-15.
- Most notably, the first sidelobe levels wore 8 to 10 db above those predicted, witAk a general tend-
- - ency of the far-out sidelobes to range about 2 db above the level predicted, The pattern was than
- - regomputed, taking mutual Impedance Into account by assuming that Carter's* thin-dipolo cou,-

piing formulas would give a satisfactory approximation, and by using image theory, It was as-

sumned that each antenna was independently driven by a voltage gonerator, with internal Im~ped-

ance equal to tile conjugate irnped-nnce orf., cingle, isolated dipole, one-quarter above a ground

plane; i.e., the generator impedance was 85,7 -j 72.5 ohmns, The resulting comparison is shown
ln Fig, 3-16, and It-can be sepn that the agivoeneit is otuuc 1,-Ue,-.

*J.D. Kraus, op~cit.
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Elm ~ Flq 3-13 qneual ty sipaded array,j".
-!y1

4F14.13-14, Close-up of d typical Olplit.

2 . 0 .I

ANOLF (d.91

Fr: 't-15. Comparison of the measured pattern (solid l ins) and the pattern
computed ignoring mutual coupling (dashed line).
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(Z) The coumputed data showed a beamawtoth thait varied frOAn the one predicted
wheni coupling wvas ignored, The coupling narrow~ed ,khS beeatrwidth by
atboutt 10 percent, for pointing anglest near broadside drkol Increased it by.

about t0 percesit over that predicted wilthout coupling f~r a pointing langle
oat9

- ~- --- -- -- -- (Ij The program was set Ap. to actually compute the g.Am (taking Impedance
~iffmx1Ah ifcta-Into- aout)as fttlflotiCP -se4Q I -When- h--------- L
sults ar~e compared \yith the pain at an qe t k ,h& 4 '
spaced array having lthe smie dipole sl~tments (which wou , require

. 2 t lenments), i is I fqound that the unequally sp~aed array hi,, at aperture
efficiency of about, 83percent for all acssn RajIes investilitC L.ie- the
efficiency at ilin WAgle' f romn bs-umisde was given b - V~ obtt Tht gaimt

of the eqal.pidarray wasn tompxstvA:.from~ prey oaiit lulj e
element gain httnotioflP toi parallel dipole jin*W Array. For 'qnparl-

-7son, lh-omnxiamilM IuiinlaO o efficiency attainable a....noo*.d

A' qua Torn-e .pdeta 4 ttr 7;; d~o~aet~S nt-
. . . Thus. the uniequally spaced, art*J II eIn to he somewhat ipefficifpit,-

--. but not Aeriously "ri.

. .. . I summary, Mutual couplingapppoars to affect th performancp of unequall spaed arrays

*markedly' when. the elements are In the half-to-one-waveleflgth spaping region (an presuitabjy-

A----to a lesiir, extent for greaterlspaoing). PoerhAps the Most annoying.acffut in thatthe parn j-
-changes markedlky Withaosati nle. rria rntUm thi Viee

be qonsiderod In the design of such arraya using dipoles as radiators, Furthermore, on t.6

- .------- 
basis ot the regults givenl iri, See. 1it seems likely, that no- other type of radiator will t'.nder

the problemf negligible. - --

Z,7,

*That Is, the sum of the intereloment spacing plus an additional length approximately equal to ona outer element

spacing (asctually, the additional length should be equal to the spacing that would be usoct If mnother pair of

elements were added; see TR-22A, op. 162-170).

tUnpu6lished ccoioulations similar to those reported In TR-236 for planar arrays.



APPENDIX A

In th.is appendix we will derive aa expression ib:' the direqtivtty of a large array of equally

kpAced, W~ata ot ibpt h %lltystd(LLi niMof n- 4-kxay wich siqitot

-- -----. aid ont a anikrx g ari t oi-voi tt ett of licabl to a p opa mr g l .
h be ro'tt t trqa elmnt patixi jk, 64: netaured. on a ~gedriyen elemntn in pan-

p rtdktrr t a , Vplqnoa slime ,

S'vely te x Mttje d 0a Y tayh ta tha farzl ld, Kkthet A ts'.' Q Of a GoantkItAs aperture, Withk a Jad

L- txnieari telo "eau tmnli" tt the exrr t W trucnture In the geormetry of Fig . , It te onno-

qtha in y e ismrM-4 s - o rti oe dn~y t~am)ad()n tuxtloe~eli TQ t

la rthrI*e b tfl att aehed t th eemt taAt th fe . iT eop i n

Sg' qoe we"MWtei thsdrteary o ob h uprot~no mn cepee. spar

wk,1t a - --*,_ &ah toht As

... -- - -

- u wk att .l0 In restt od he

- in Other, words, we invoke the u sal r prot&*t&tion ofthe array Nr-lW aq tkw produot PC af

F - "elemnt factorand ank ' tarray taotor2' excoept that we citnota approximate the- later .wih the-
Pattern of a -onlinOkta spBi O,

ooThis approxt lmaiofsh6ul d be inirecats4ly 1od as the ra ie creases it M the array

U - - mplitude taper, is ss~kqh that the bulk of the power, in the piattern resides. itt the main lobe 4A

near-tn sidelobee (Impling that the exact structure, of the far-otd eictlobei Lo of little vaons-
hquenae In any arg met@ o] eang power density Integrals) and (a) no grating lobe-exist, The

Z. latter rostriqtion is severe, bukt easily., remnovable it the Fiet is £ulflled. To-cope with grating
.4 jobweO lcfadta trYFco ob h etpepotor of as many conitiuous ctper-

" continte'ereoycnsiertuewt the aroryiatr a tue tai4pr adep rprinapau ouitn

*the pscatirnsf a* tre rstatan obs. Itye G dscss define the location of amajor lobe of the

array factor, given implicitly by the solons of

Ain 0 fi k Cos ik 160~ 0 OR ~o t eta* , , - (A-3a) -

-- sine~ sin tpk-sin Ocsin% =o 4k - , -K0, , L.,, (A-3b)

(e 1 11iso the main-lobe pointing direction), then we can write *

FTv 9)- rhw,b t, A, (V, 'tk' " 
0 1k (A-4)

f1k

wijeit A 0 ;r, IK 8, elk) defines me sesaer pattern at the general angle (p, a, r,-eaulling front a

continuous aperture with the appropriate amplitude taper and the proper linear phase to position

*The justificaion~ for a representation of 1th type It discussed In TR-228, pp,.162-166 for linear arrays, from

%which he planar cas ow s



the Pattern Maximum At the iglem w~ e~ ie. It i(X, y) is the IUktl~toa Pr~oduicing a & aI
othe cteJaled shap-o at the angl 0. 0, the [atom A4(' Qf rj, pI~1  roduced boc r -itbn-mi.

nation-

rh'dr .t.t3  f tho pattern Speciftei byt iF,(-1i hqt efinitiont.

Ir.

<.7' wh@v@ii t pkqgr\to Iitdt anaurnie the i,rncnts to 'adiktO Only into, ~I~l-fj%Q ( C l NOME
_______ - - -- i~hat %4 yPU1.FJk element pattern and the elomnent gain un tbufltdk3 - ,.

-.r't ~ aQ coulait of lio ntaeqtence for gar iasu, U7.
~q~at~n (-? 'a bqgratl alplfiq fwe recall the aeumption that 1h yIvi uminai-m_

U011n take almost all tho power dns!ity tfA , LOj10_jiU Ik-_V&A

r.Confiiquenly in the nun erat6,r,, only the *'Cit k i term will 4~ of Iignificatit amplitude. In the--
dsoe .inetor, aften' altuarni %h* d1Q~ble mum, we Wkil'hivya varlllemrn at them Toa'm

Un~ker. our aasumptions. 11cros. product" tnarma (k #k m,f 54 n) will give .k negigible contribution
to tlqe 811n, Fiially, if we-assume that I F(p, 0) 12Varies mlowlywith res~e ot to A W~ '0'~)

Q.we van write Lhe resultitng simplified directivity expressioit, as

00~~D no - n 07I

Note from Eqs. (3) and (5) that

for all and k. Thus, we can write

IJ((,,Ik el'k, 1 0  T2 I A, j( 4) sl/ ine de dqj. A.9
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7

tiowever. thq tLemn in braces Is just the reciprocal of tho 41rectiVity of scalar aptrture productng
single beam I the OWltk" k direction, which is well Ia wwr to be givea bEy

ME or an apirture of area, A Making uset of tis fact int Eq, IA-9) an4Wnrng1'& isrte.
N array by replacing A by iD D. we vw can reduce Eq. (A-8) to

-.. .;-... -i ~ O i .4w _ ...n , _ .. .- _. ..

. ...- _ __: _ _.-0 0 K. .~ ..- ._ Al~Yt , Ak W'ow Ak
'Fr a bAngle prn itpaf lobe, the eleniont pattera cancels In the expreaaLo and welba m. th.

faiirresult

... .. .. .. .. ) -............. .... v:,- '---|

S... ,... ,

-6

I

I

•S. Silver, Microwave Antenna Theorygnd Design, M.I.T. Radiallon Laboratory Series, Vol. 12 (McGraw Hill,
New York, 1949).
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ew.ql Usi~u~ reottIX

* t~- ' ,LA...e

IT- LA-i 1 &1[t gp s lysea p n e It1 ad. molkl at thfeetpxwy ay fundpovoieqqwaka the l

LI

q~ c ktw di flt vkw 1q WU 9d . t at u re ived that1 U the- p rim a ry L tti lWo~ r esao ui ) l t 1 29 0

the elacytaif the revivted'SU±VEat.

1he ile0t401 igna d presea n h ae of the istorlt u~tion" art rti&Wt i- 5.uip#m nad- tlin.

pNaaters ijeacteLyo il knon These twofss the compara rtr*edktiv serousk n f wde

*~k Ute '--trto . PLAnxaae Aeie

Ith piu to-agt icio lr t qunhte___ ckt o i ni tepn ie' ofd te received

avcetorn frmihe wo target difeet togh ofoi romresseds~gnal t~ed tesigma b0 seau,1

praitb ore ofbth thret reid rns of tema exlobe of t ote ntgly hfueneor thu res or bLy o a

sltarget in. the pr)sthe ph'as lage ampgetulend obcmneed of ether rada senrtrcsutnon.btaltiotty.

Thus fo suficintlylarerss-eton diffmence~h eoitomar eahive onlybytoern

thed ambiguityn fu ctio sid lohe i ,snceiatiled, as oe it w ouldttil epct.bhebliu vfa s

nooTiheiele performances differ~ll priomarily insotherse tat whi tart beome cresolvy

j. I i A Quantt11tativy e Exmatonwr o the Rar esluto roblem," Tvechia l Repoth ro.c21ived
Laboratory, ~ ~ ~ ~ ~ ~ ~ M of..(7Sptme 92, SI 953

Waerrna ro tetw trgtsjep~ hoghfo "om resd"x~gnlsth tret my189sea
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CV-HATER Il

SKQW.TI? ULSE EFFECT& QR I LNS ,1~AQ

-.... ... ... . ......-.. .. .......- --............. ....

This chapter presents a thiorqblcal- deqriptionof thw-loas6. that o -ct i tedmniI q -RlI i'- - 'A
durin t x 0 plIse ri.se and fal . times. These lses pan, bocom.e a maorf ratiun of the to.al "

qxpreaIk forttxs-, 1saeS lth igaswotempl"ae whe- Isa deri-ved oidi comnbinedwt.- -
g .t h lvewidiha ar of th

an, wxprussiotl for: tbQ losses In. paraot qaptacity st tow niodtbated-*1turnd. A

grtit~~ modulated'. siees tj r ig-w gl4 mdltees. a -I

. ... . . .. ---. -- ,i ia.. t d-

Vu-jM.....'-5e~ ,L q~ ,aXq pnIc dm4 wbv Ith pw eLhe lu urcolyk$g ag tq, the mUIULSajQ I?,414Q11~ I. - ""iiokr

"--., ----- Le - t he tie of nar ri oe ok narrower pulses in, pulse 'code4s and, pulile trains. is. becoming comn,- -

6ioki hted m m 4,'s onj- i~jwR t.da ih thotg 4,44 ' v tflha,. 'hi - I --

array tramwtitter eff41ciey ic Anluericd- tlir nauri Thre b-ast typ' 9t mqdulktaion. hav--
"a'en ptrqkttrk for various p)t40sdt arau twntileiiu

(3) grid modulation (hLgh-su grid).

When these three modulation techniques are applied- to he genratLoti of narrow pulses. (smal],

pulsewfdths),. It is no longer poseibl, to disregard the energy wasted durLng the rise and fatl ire -

of the pulse, on the bter y required to charge the stry capacitunce assoclated with the modlattor -

output and the power amplifier input. This "wasted" energy can b a considerable fraction of Lh,

total energy in the pu.tl

In an attempt to evaluate the reduction of efficiency resulting (rom this "wasted" energy, the

following analysin of tlk three n odtllation tuchniquec was made. The results vv presented in

the form of a family of curves showing efficiency vs pulsewidth for various rise time to pulse-

width ratios, and a family of curves has been drawn for each of the three types of modulation,

Efficiency -i0 a alyzad first in terms of the energy "wasted' in the video overlap and, second, in

terms of the energy lost in charging the stray capacitance. It becomes apparent that as the pulae-

width becomns shorter, the stray capacitance becomes the niost ltQportant factor,

B. BEAM PULSE EFFICIENCY

The following assumptions are made:

(1) Rise and fall time are of equal duration and are approximately liner
fonctiohs of time. (This is not too unreasonable because most often
the rise and fall times are linuar over" the major portion of their dua-
tion since, in general, they result from a Constant current source,
usually a pentode or Lv tll'e etiarghig or dischtrging the capacitance
associated with the circuit.)

(Z) Useful energy is available only during the flat region of the video pulse;
i.e., the energy available during the rive and fall time is wasted.
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. ~ ~ ~~~~~ -- ---- - -'~ m . - m.17Z ~ -

limilottona, on the leading and tradling edge should be the bandwidth of 2
tho trah'aritter uq( y alSOo Q Vpsanth edwihhc,

theHF rio ~l~i (n lE. iiL'don.ard Off (tYP!Qnlly "'few nanoseconds).
Therefore, the slower rising vidieo waveform will not dote riorat a.the

- -output Ri' pulse If the RI' drive conies on only during the fl&aitop rqkoa, -
-- ~of th4 video pulsq, .

L ~(3 *s The. piilse I& of the. following form:

-useful puleewidth ..- _

N ,AIX i0 onputeaious will Wa carried vut, on, en gy p-pultao bfmai T 7
in--- -t~ari ak il easge equalmeo that.of. Lhq( Mn~r~wac~ tie - -

lia t.ornputicI and ths oub~~hi waii l~ a~iu~5
- . 61 'Whph pipto 44figioq o 1s a.uaw in this. report, it will be undersatood-

* to inolucl only the effect of~ energy wasited In the Pine and fail tim~e rtnd,
11V thQ modulator, and not the D~C-A-'Fconverglon efficiency (utually -

- -~~~~apprq2~imft~oly 33 pqrcqnL). 'Tt.i (eir itw il ,dsosd it..---__
thq0 iond of thisr phaptop.

WCase 1: Plate Modulation of t)he P~ower Amplifiqr

-In an ole6tron-buam device that in plate-modulated, the following ?xpreavicin for the beam
current is valid: k

where - ~ ,...

'b beamn current

K -pervene =constant

The instalntanleouis platei powerl I, eil parlebb %'N eb

3!? 5/2p eOiK% I Keb .if

The energy E developed within arty interval is expressed as

I' Spdt (Integrated over the Inter-val) .(3)

The following tabulation shows the instantaneOuIs power generated dluring the intervals that are
of interest. -

19?.



..... ..... -------

Interval lrsstercteneors, Voltage Ins~tantaneous foro-Mir'

=0 pe b p

--. 044 bb (. U 'b

'The-en- gy d#,vetQpQ during the Interval t,"40 Is

___ _____:n T'theiwvgy "westerI" durir iters i 04-tt'O (the rise thow) van be enpresseadal

-~~b 7/4~ 7a 5

ThiXI *nriy Udeveloped durlinj the liteiwel. .04 t,< 6 + T (Ab useful roglin) Qan by. cxpxoeaan

.5/
- - - - bla

5/2,Or K(E i5/Z2
IK(Ebb)5/ 15 a ME ' X (6)

TIhorofare,U

pastlelputsc efflercy pustlpse soenry+1wst &' energ ~ iti~ffuhi~rfiT
.4d enrg

7
I+ .5/

-. .K(Ebb) X T

'[tie following equation expresses ii' a useful form tire Value Of par-til Pulse efficiency when plate

mcdrrletiofl is erisplnycd:

partial Pulse efficiency -. (7)

(rplate miodulation 7 T (1

*These efficiency expressions do not include the effect of stray capacitance, nor of circuit lasses in, the modulator

and grid; therefore, they are termri- "partial efficiencies."
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('Llwe Lt: UIrikl i ?lduhuion of the Power Aupltter

'the totaut crt t 1,~ in a gutddQ6 (LrtoAle) LIAIV Call be exproeisd

I- I + L OG~ .V . .. (8)

a

IweeK gri prop rtlnlt ijan t eV cn tspae irr n t-ai tttlaae u~~t ti

Utq vsalvetat that dtrmne pab vae 19resnal voaccIa.sice,
Also, ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -Int 'slsQ-A~Redtattegi fur u t the rati s g vrpentthr4rn

1% Cr the form:

- lriatirileotla anooe pw- vecal part le 1 1 e, I

'Ihle following tIrhuI~tion shows the inmtantaneois power generated during the intervals that

tieof intcnrest!-I

Intervol _____________ VUL11; In iart,LtIoUL lPower P'

0i 0

.'3/Z -
6 T LTiEbb t\(LC' FEb

*A.H.V/. Beck, ThermionicValve, Their Theory and Detigri [Cambridge (England) University Press, 1953].



TIhe eneQrgy developed during the Interval L14 f)i

*Tile eiier-gy "wa&1ad' dur1ing thie WmeOrval 0, -'S .s ( the risie time), ran be expriseed as

iv- pdt' j-,l b Q r at bj ct -

,lTo evakluate, let I

-he---------
dt,

fbr the rltnitrig 
. Iit

ciin Y iE1 0 I + bb

Then. V
bb~+0~ 3$/2 A~-

bb" b 1
$ 0

'

bbIG / IRH I+b
J~bb-

bIG1 [(PkEG + Ebb52-(Z

The energy developed during the initervaf 64<1t6 + T (the useful region) is .I I

E bbK P!l Ebb). dt

K ibKG(mEcGI + E1bb) 3/

13 ~,KU~p30 4 + x /?33
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'bb 1 5 2 5/

'Oho followitng equin tttt esef L' in't50 ta 0 oUl fctoral the value of rtittiia pttlse tufftt' tttcy whent grid
liokodutiion is elloptoyed.

(for, gldW modaulion) I 0 ( .4-F--j I(til I. Klla lElt ('ui I Vl)i

'Vth previous Q:aieulitlots hilye shown onty tile riaitclin of efficlency resultig fromi ener-gy

was? od in the powu Ltle Itt 'leg thle vtioe and fail I int of it,( outpu t pulse. Tro goain ano nppt'~cciai-
tioti of the effelet thatt tile todltlot' and thle stray caplacItance htave on the; over-all e1fficlkenc y, ark
ottemkpt il be11 iotle toI ovoItio1te tt new efficIenicy which iludes.1AC thel energy wastedi itt thu model-

Intor tand the Mtr ay k'intlinceP file cachl of the prouceding tlie' U todttlttt to el ques

C. TOTAL PULSE EFFICIENCY

1. Plate Modulation

11' plate nouit on ist used, thle ntoduktior 'Is treqirtd to 1011)0ly the cotivec benijlto OtodalIon

power?, tf we lissul 1 littte it ioft -tithe nioduintot r atV- ML fflivLoot hord-Inl rho mol ttto r, the a ff1-

t'ietwv var los between 61) and go rtwetia, We will atiiento aS 75ioevent over -all e foiett ry. Thenvi,

itate, attd ntodu into ' e ffic ion ry (0.75)-------------on rgyhd~ outnr swcbi) rii i fi

tittie) +t onet-gy wit ie (vhtaitgi g fat (is horg lg
stray ctapactnce)

Front tile yoUaltire viousaly thtoliteti for, Itoe energy ilevetopedt dtt titg tite lthtee ittie tyttis that ore

ofI ititoteal [ 0). i, V") antd (6) 1, it folitosa tht

Ki(Lbb X/2

platte tn it lltlnt efficitty (0. 75r) -- ~ _ - ---

K 5/Ab I 2K it 1 ) zx 5 IS) ~l;

It stot~td Ite titlet that the eltet-gY Sotrtt it- t'htttging 1111(l distitargiegl, tile itt ray kstopiteitnate

is equalI to t wite tits elelpy tttittet itl tile siitray liltliIOce. fTis ritailta fro-nt thre faci that anl

nnIoont of ran-gy tsqttzt to thttlteil io Iot ill titiRC fIhmrt:: cirg of tlip slt ty cnpattitnre dlurintg

Life rise tire tO -vve t1ItIt , at tie toi tiititttott of t i puleu, tttct orirgy thtat wvas stotret iv- d isetto get

*lThis efficiency exprestion does not include the effect of strey capacitartce, nor of modulator anld grid circuit
tosses, and ist herefore termed1 'partial efficiency.
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throukh (lie uibe and~ is iw outed ill tilt fall tutu,(. Uriej twi(i'11 ttil u ii2i' is Iululd, so

pla10wte n noila or efiiec 0,5 (16)
I(for plate nioduituix) I 4

2. Cirldi Modulation

It is asutiiet that the grid lendiulao stIs a~~ haird- tube niilato r and that Its efficliey Is
7 percent. Therefore,

weasunc ha te ri atssnielit ie n :llodo, %v: rain illerniino the energy into the _

grideircttl ytmn h restilts duterinineil front ouir plitt-iuiiidulio exitnip1e with the plate
Votgie oif ur reutlts veptiuceul by tile gid voltage; th i s, dti g the risel timeiv

ib/

ind duiizn tie uii f pulse reugionk

Nlrg .(E bb XT It (6))

K< grid tier \'eiViit -- gt~(Ijrid"-

ciii-iy Wasted 1. 11 ' ,(11 ~ 6 1 (1gI.: ) 0/ Y

1.31 K .0;( 1

All ti s engy is wasted iii tho gid circuit; inl auttillin uii lie eiIr~ig';y WOHWOillu utliguiuig aiid

ktisiitgiug the Si itay gr'id vaciutntn is

plat auh i od i Ito ttctrny ~- - - e UiCf~L energy
plfit Ii~ iircic c! i negy watel (rise ani Fail t)i-1 ej

I- nirg y wated (ncidultuto r, the g rid Circu it, "lid
sIr~ iuuy mi"i i ate)

hitci I'qs . (IA) rindI (11) tutu
1

"s hitc citVle

Ni7



'Itriri equartionr carl lie r'irxpi'ossut as

iiIN)

D. PRtACTICAL EXAMPLES

It its de.9trabhue to vor rter' the four' efttveinc(y expreimoicuin that have lirtit ihiiv'oopt under

thlree riprciti Instancesi.

1) tinte odrulat ion of ni Z-moinc ova.t pcxk -power tlbv hliin Mil T-11 otu it v rtst to s
similar rto Ir ptinrsoil uroay t onsmilt r tube feed itg ninnty itr'rri t cuentis

(at) (Grid Iloirdutatnu (lute-ti grict) or Ii t-III~gUWittH~ tpoo tutu'V hnctrr~g*
iiicterlt'iis Ntrutttr to ni phsert nrayr timitanulttt lr tittle frettling mannyI
I'raly 0eLrIM0nut s in pai tui rid 1tiM trig iR 11it iintIirig ait0(ttEJ I' itt re i

(t Gi ittltodtllat tor (high -t gid i) of at 100-kilowatt riak -powerr Itlite hil' In
cottttotl orie mitoitrir to a ptitrridr armry t 'rttsltuttier tubre. iith onle
iube behind erich a rray elemeit.

TvJ~illi Cha oIti~tIVst tir iittnrm iiw the ratbove thircL' typeo of tiitrbtm areO isn foitti

1)t 'or the ptate-nioitrrt wdite

Volt

)'utt Itit Irpirrorts ru-iit pltrto--iatihuo capiuiiaciti' un mi stry copitiianiitce;
it' tIture isii n itiei'd in ori t, C isi tiiciho.,~i M jini iii ariirt

(21) ]'ir til n lote-ri gr;,it-r u l t it 'll Whotniin

tilt) 10 kv I (porIk) e. luegimaii

volt

'The teIr-t "I tuie-iitu' . fir a irinttuutttii :1ituIIt " oft tis I puev

ieoei meid alu typ oitc~r piur' iouf ipon As,:iu I,i.

F) or Ott! Itiiu-i git-illudiiriiio'I

16u0 v Gt 5 "1t 0
VOIiii r



Ihnerialtactecri .1i, q tre ti jlitl la to of tho 'Aa~l ljtr 1ottitsn FIWT

Sub r~ ttovelu ;,totl rtI 1jtrt1t in I hItttt

-4 1t it tit Ing Ihtose : II r _l iti( , lie11 t e 1),jtl'tIIt-I)U o LI trrtt 'cp Ca/~ti W.<~j [I~O 77

For I'lte ?Mdculttiol

II

,k, I GrIidIt Modlulation (,crw-V glid)

]lot- Grid Nlodht tions (Nigh- t &Il)

i'leav three Ofitcenty exptitiaots have lreett platted vi, (8/1r). 1'he 1'esulting Xtcnphs inldicate

the effect on tile efVAortty am ptilbe shape to otoged. ix.. whutt tite putlev .shope vtries botween.

a perfectly t'ectngiutt putlse (Lit 011r 0) and~ tt vei-y slowly rutR t Irapezoidal putlse 8/r - L. It

Cult be soon thtt Whltt Jutst I tl 170rgy lost itt tle vis aOndn tall Hta le in tho tutbe is contsidetrtd, plate

inolulti on,1 iIust *'ffi rlent, 1 hightv r id oitt74d1ittiOn is neo nimost etlici ent , anid low -p. grid iodtt -

Into is lettat efftilitt. 'thlis Tousult.q front [ile fctr tit Lit Ulu KrMr ttralt.,Ior vi-vm tlte oi

voltage is lit ruii 11 bb* dtrring the onlr t rise an trtlifll T inie. I leneo, t ho onttogy w asted is g pea Let'

thn ill thet. pinto moctilat ion rosme whore tileo beam voltage [isos with [he hearrm rrtrtYellt ( e

Fig. 3-27). Sustitut ig t his ti into lid0 14 t tst pitlse o er rtry o xpr e siions, we obtttilii thle

following:

Fig. 3-27. Partili pulse efficiency Vt (6/T) P\' FATV MODULATION
(ratio of rise lime to useful pulsewidtt,). r. \

HIGH-iv

MOOULATING-ANti,E
- mOnitt-ATION ' ,.

02l 1 1 1 1 1flL1
0, 0 04 1C07

RATIO OF RISE TIME TO FOLSEWIDIH

*Thete efficiency expressions do not include the effect of stray copucitance, nor of modulator and grid circuit

lost~i, ,nd Itnirefire rrr t-rn.d 'tpartiol efficiencies": s

pc'rioIpule eficincy useful pulse energ~y -1 energy wasted in rise and foil Itime
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IOU
.01. -;t:- ' " R S TIM E - -TIME

UREFUL PU0vWiut -H

I (a) Plate modulation. Here,
grid-circuit wasted energy Is
not a factor (see below),

Id,)

b l-p grd I - - jan t SK I56 5 s Id" 5- 6,
: I ~Ut 3LWIUTti T (taO "

100

o.---k JL•.L A ---. t. ...... .. . _ . -. --L -- -

It 
n) .- - -s ---

, 
-. 

'

PULS E WID1 i

I -o - I - 1 - - - - - -- - - - - - -- -

600

3RISE TIME

-- r,.t:,-..I ' US EFUL PULSEWIDTH 1

6 () Grid modulotion (high-p grid).

PUISO P_ Ci efL~ u,- I I . --- i-s
Fig, 3-28. Pulse efficiency vs pulsowirth. Pulse efficiency does alo

t 
include the DC to RF cofvlVoniO

efficiency (usually 33 percent) p. esent in moest" oicrowuve tubes.
Pois eficincy ofpule alery - useful puise energy

Pc eFul pulse energy +"wasted" energy n plate-circuit rise and Fall tire) -. "wasted"
energy (in modulator, the grid circeit cI' . 'jy copc uhonce)

Dashed segments of the curves dnote regions currertly beyond the stole of the cit.

NO0



Fm, Pl[ate MotilihiOil

T~ 10 ( .10

pltc and miodulator, efficiency 0 75__ - -

(for plate moditlnlion) 1 I -. 0171 x I,2N1

Isce Fig. 3-z8(11)1~

For Uil-i Modulation (towv-p glrtdO

N 100 kv

I.,L

K - i (vii)idi F il iiti iiit <,, pint un- ront; Ini: mode hit i ll-Linode

I ubc liihi Is 1 rue)

K . G 'Bkv

t ;llv ~0 lip) f
trotl LI. (18)

,for ,o-t gl'id I 1 1. 2 1.0- i. 9.

[acL VLg,3 -8t(b)l

l. b 2 1kv

liii"

IILll 1W1 v

-6 0 1111'



<~~~~. tov~l 2 t) t

Fr :1F .I 1,Ii)

I+ C1.075) 4 (a) X132 VI)-'

Fol.(t las nt 'ti-ci inl th1w cenontinalor iA negligillle '[hiu- Impliesi thuL tls 'iergy

so slut ill 11hu moth Ilto0' nit1 cigrii I i-'uits and st t-vy cjtpnlcttnn! o has negligilet eflect onl the

ou- all cvfic it-tc ill It high - p gridt via u ovor tilhe go laos Pths of irto rest. Thorn focl

ptlnte anti flivltulato' eiTniotica -

tson Fig 1-?8(e)

Notv lhaliti fotr ti Itigit4 gurid cose,0 efir onCy Vs9 T '' iVVuO fOr' VOYtititit iii4/) will ho) horn-

zutntitl lI tois, wileilt tipijeiii'i riciottabl,, Sitnce, if energ-y Lin the kiitsllor, git, and,. eaptlwibinco

Call bo itogi octet, tinet rlit of lth uenergy Ii thi Iso andu fit i tinmo to th-e eooergy in the usefu ret -

glon of liw pu0)50 i-c '-sst t forl citntit (8/r)i; the fflieiency, thitrefoie, remautins eotist..t' at:

Y vitvies.

'lyjili valtes ro.tile voittititttts itl eachl east' ni'rut f iilts qIHtltv(1 ilito Otitt vil'fiiity ex-,

lfiteSS ltjS Willi t cLitV- inItlet) ii'fi'iviltty V-1 aulsewicith for ctel tch of Ic( U tiiiyjtct of motdutinot),

'iiil MILtttt cin tg tv' gitl fill T lOltt i a lii t) Vatins huLtii cft Otte ll80 an' tutu tu amtcu (i0~

it) to- suit); icuIitoic-. loLts Of i VSttct' Ta ticQ ikleasi ftti i-ti ' I' i-ni: t11c 0.1.

'I a 1 It. 1, V,- 1,0'. 4 ' i t. Ii' " li-c g in A4/c Ia titedi s tle parii-nttet-. lTs presetila-

I iom ;][lown the 8tlttj0C cit ticL slt-ti' till OWi ta~i iii sia, ott t tt ivtiliewitit- i a Vii.tTi

Ofpei -ati a ii' Si [sis liii ite ikStitl~ (I r'a:titS is [1.4 fitlliWi:

r r

o--iiti l' t1'I 11:- 1i tiIti'.cI:t" iii'ieo i-c-i tIVSt O[iidk t1-tt WSI VIAilacvi'tgt 6' l t

vi itv -:ttctii Thisu its- it-, ctiittttl iitli-io"ii hit tur iilacidilt, tut1d la-it lth isie,) ctctgv



squlired, the -ititet cy CII.Ve tot' I plate tiliodul;AI l i..2 e exhibits ill k a lot p)iunuottiI mai+er

thle efif't' ot his wasted (211 It t

Ili the gtd tnioduation low-ri grid nitodulating Atc'llut Cas2. .hie voltage io which TIhe Str-a
(flaitin'tt hatS sO If) bI;;trgft ed I luditid at boat to Lbhi 1. 'hcrciore. the ilet~t i tie wasted

energy it the s:rty capacita tis Isce itat t i 10 rower*U Pill 1W jl but to a JLtlCO 'Ott l legi'eC0
than in tho plato modulation case: i.e.,

' iti ti e grid tttltuti'iL(U ingit-t gri(i case, tO voltge to whiclh this Stray capacitance has to
- be raised is copdide.ablyirs duced, l,, to L bb/l. Therefore, the effeCt of th.i48 wa.td energy

is reduced lay approximately tI"' (which is yery smalli if i is Large). It can be seon from the

curves that over tihe p tlsewiths of. itterest this wkated eneigy har negliitble effpct. Alt the
curves usyrnpttically approach horizontal lines as r is Increased, since at this time the ,nly A

wasted energy (f Importance is the energy wasted in the plute circuit during the rise rind fall

time of the pulse. Since the curves nre plutted for constant (6/r) ratios, the effiiency approaches

a contstantt am r is increased.

An attempt to show the state of the art in tho gnet ation of narrow pulses Is also Indicated
on these curves. It Lis assumoed that rise times of the ordler of magnitude of 0,4 pisec arer achiev-
able with high-ji grid todular lon, Dad 0. 25 pser with plate mudulAtion and low- grid modulation...

'lhs. portion of ;he curves requiring performanlc, butter than thia have been dotteti. (ALSo see

Wig, 3-29.)
Break points or- regions are observed In the various curves where the pr ticular ottILcttiltton

technique becones very itefficibtnt. ['or exmnple: In the plate ntoutlation case, fron tO 
7 

to
10"6see L8 a bleak region where the efficiency is tiinost halved. In the low- grid modulation

s0 0 10 W 140

C / PLATE MODULATION
5

2 ORID MODUL ATION

0 -o oI

Pul5xat 1, ti10PULSEWIDTH T (W)¢

Fig. 3-29. Pulse efficiency vs pulsewidth os indicative of 'tate of the art,

Pulse efficiency does not Include the DC to RF couive,dc, efficiency (utto 14
33 percent) present in met! microwave tubes.

useful pulse energy
Pule efficiency sett u[. energy -t "wasted" energy in-p ate--circu4t

rise and fall time) + "wasted" energy (in modulated, or
the arid circuit and stray capacitance)
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a brakI cegitoccttvtiS betwe('t, 10 tO M. t Ce; it is noteod that in Ilm high - glida

,,oiuL&, ot caso nit brct :got (eiu cis at all.

WitVah togarc ito cotit ild spla ace -quwQlien t',e plat mto dulat ion technique is ob ic-us ly the

mxostt costly, botht Ill SPttCO and) 11n Moncy. The low-p gt-id mOdlaltionl 8011hee since it must be

capable of high- Volt a),e i,40latiouli Mi h~ih-uGtagt ga'Jl.pI', I, b /p is the second most cotly,

b.01b il SPiCO and inl 111t10Y. It would appenar that, sJince the high-p gt-id modulation schento In-

volveS l ver'y l(ow. voltage Kvid pUlseL anid with some possible configurations no high-voltage iso-

lat Ion is required, the nodulatot' can be conlyparatively inexpensive with t-egardt to both space

aInd 1money. It Is tecog~i'Aced that Ylor the high-pi grid modlulattion speecltloc, 40 tubes of, smaller

peak power ( 100 kwh) would have to be nio<It 1a t fe duhiewpfa t ho low -j girid ivadulution (if tie

-11lt gat al Lu It 18 W ill 1,1, IVQed, h10Owee, that mod lal.r 11c111141 od aU 2 ow - voltaLge

putts(- tubea Could bhi ult at conslrluvtably less coust in space and nioney than a muodulating-anotle

modulator, ou, i plate. modulator,

It shuuld be stated that the efficienctes ak given by the curves apply only to the video or pulse

efriploey and du ng include the loss which. occurs in coverting frot u( to A til in thq power am-

pliVAnr. This DC to RVll conv( vsion Is usually of the order of magnitude tpf 3U to 31 percent., thare-

forti., th~t overi-all plate effti 6ncy Is determined by multiplying the effielence giveii on-the curved

b) 0.33.

In C~neclusion, grid modiulation utilizing a gid with as high a v as possible appears, from

tito point of view not only of efficiency but also of cost and mpace, to he the optimum way to mod-

ulate power amiplirIevs for -nairow-pulse operation.z

Curves useful fin predicting the video efficiency have been presented ase a function 6ft p '.'80-
width fox- thr-ee modulation techniques.



CHAPTER IV
MLNIM-UM-.COHT ARRAY CONFIGURATIONS

1, curtledgte

SUMMARY

Th~a haptr esnts apurey1fomal inthud Fo minimizing the cost of a phaseary
systen wvhun the cost of the plemnlts la known. Atgohbraic design equituions ave derived for
niirdaniuat traeking and surveillance array configurations.

A. INTRODUCTION

The radar caipabilitytleaired from a phased arraty radar can bov v~proased in. the [orm

where fiis the average power radlatty( per element In watts, ti Is the numl~vr of trainsm11;"lng 1

elements.- " ii s tho numiber of recolving,elements and I',, a nd A Are constants which ciga be
dierived from coverage anti other radar requilreits. -

The cost of building and operating a, phuad arvay can bie expresld Ea

C, C." 2it + ( o n . 3~.O

*where C In the cost of providing, Installing and operating a traanixtter mioottle (plus a iuitable
portion of the structure and overhead cotst) in dollars per element. Q! is the cost of producing

p
aiverlige power In dollars per watt Pand Cl, It, the ovvrr-alL cost of providing, Installing and oper-7W

s1ling at receiving element (In dollars per element),

The cost C (it iiq. (2) can bc mindmizved subject to the constraint 6f Eq. (I) by partial differ-
entiation with a Laciranglan mnultipler. This pr-ocess (which Is carr'ied out In dotail in Appen-
dlix A. ticee. 1) vie Ids (hr follm inSlg rni'o igspliaiinq. Por a #

C,1C 1 (5)

Th ontinsaRan ' il euvlatdfo hreca s:vlueserhig mlitre

L h e c o n sW t a t r c vIt a ntig u ll bvciv v a aa p e rtu fre ta n e m k a si , s : v l m e r c i g u trg e t r v l n w i h , " M l ' c o s l

receiving apertuve.

B. SURVEILLANCE CASE

II I thc volumec vrich chc, t' is icuond byv manipulatinig tirada r rango ecquation to get arte-

(ILate Aigoim1-to- noise ratio, Lou the ticsired protrablic ( if detection andt raise alarmi over the



- -

xL'ix i-ed cvxI sin. 11) the siiplo calte wheure thle. vvIxixn toa be xxvarvxhrc is a Wxcetor at' --l splxere Nvith

Pltt --- e~iTx

r is the nxlxiLnxum enage in incteua. .-

K Bujliotunmiii vonstn.W t 14 X 10- Z3

I~..e -- .q ) the receiver! xefeetive tem'rnp'stir in 1.,

r 1, is thu Rstown, -kiam ..
a I s I Ile solidt iinle to bp aeirehixd In mtoevaiinlv8,

-Rjat the ratio .2E/N0 Aeedtkl for tbp desired V4, aind p.,

origonctl aIii'etioiis. Note that the maximum iillotwtio I s

the 'Cfriirwi time" to xiompleteIy vove.'[he votttiixv )itarai,

we r1lxa'. mnv the cost with pi fixed end the ikontilt

jiitill ', - 0 D 7

I liji examniation is cairriedl out IIn detil in Appc tlix A. See. It [ls. (A, 7) throuigh (A- 14)]
alit] xc'iltxl ilt

- - (9)
t t D]

C. TRACKING CASE

Ill Owh tracking case , LI xx rxxt -x'xt, sigit -noi xc ratio is a [mon o or tme angi[S Ixccurtacy

-,111' xd i hr11 Ape tiare geoxtic try, -Thex callzl xx; uxuxiaii canI lbe olitod byi tx' qalarg t110 It

givenx by thr cxxdxyi- rage eqxionxi xiFi lb ith -uli-x e ro t' a1c u i 01xirxc ' eXaMlpl, Cixilvil-

dci Px ICE e icc ngxt lxii apex ~tuix-. Pixe reqxxiIrcx Sixixitkr dtivia LI n in ang le 6 is spxecied by

J. L. Allen, 0l al., "Phased Arroy Radar Studies, I July 1960 tu I .xui) 1961 ;' 1'echnical Report N o. 236 I ,
Lincoln Loboraooy, M.1. T. (13 November 1Q61), p. 2 91, AStIA 271724, H--474,
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tile en., [111cc p." Mai ximm e lemcent snpacings L) zind' D are set by the dosivec mini 'um cov eage

6 0

N x

CIOI

Msltiplyjtng Eq. (10) biy Eiq. (I [lJ and voarargivng, we get

3 .. (q~

x yr1 y x

(I) x rd ur are the nuinber of' receiving clements tip a row apd a colutmn, vespeutively; hencet-

TIhe iridar range equation can be rearrfinget! for array radars!

E n~r n D 1)X

where Ei is the transmnitted energy per look pair Ctlniet,

Now equater the right-hand mumbers of Eqsj;(t2) annd (13) aind muliply hoth sides oft' he resuit

by, &/('f where N is the nunmber of targets to tcie traorkud and Tris tile "frame time." Note that

r N
f (14)

x y 7r y

Equations (3), (4) aind (5) apply.

In ihe case of a synitrcmt Mill's-cross receiving aperture using identical crossed lines

one element widec. ror equal angula.r accuracy in both planes, lEqH. (10) and (it) become

60 43_ (16)

*R. Moname, "Summary of Maximum Theoretical Accuracy of Radar Measurements,"' Tech~nical Series Report
No.2 [U)I, MITRE Corporation, Pedford, Massachusetts,



Squarin~g andt L'vrranging Kq (16) gives

Comning Eq. (17) with Eq. (1 t), with nr in LEq, (13) r'np~ni'd by n,,/Z, give.

a3 48N 4
LKT, ,PV an3m.1 (18)

:1 Agin, Eqa, (3), (4) and (5) apply.:. .

I t the anlar~i~f1 iwiU~t'QY ofLhi 1011' iermi; is tot symmetrical, two Constraint equationa with.
Corrsponding LaGrange rnultipIliera "k,, required, ThiupoeaI ongtdI Appendixc A,

Soc. WI and IVVeS rise tothe following dealp'o quiios:

a 2W .

C t n

fix
2/3 (al

- t

p

where

6r 4L KT N (Z3
a' D(?,I3)aa
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APPFN DIX A
PARTIAL 1)1PvvBRFT!ATQO WM11' L;QftN=-n. XVaM.E.

.GENERAL CAME7

Pie voo canU be exresedI a,

C ~ + Cvpi~L 4rt '~ 4(N ltcP - (A- 01w

- B y Par'tial e4to 1 w~ b~n

w~ ab dn

04 .

C~mmLn illr P-11 0-3 (nA-04 y~i

n r

Elimiattting 4,~ from) EqoI (A-) ant Eq.! yield&c~d

rry- 1 ~I( C~~.-

2(A-



By p.axtiaI dif(qr~tntiation we obtain:

Coinn q A8-wt C- (A-9) yQ (A- d

Cobinn (-W n-- yields')

v. n

F. n I~r D. X a.

h (~-Y u Y -T7.

CMining I (A IS) and(A - ) yel d r'm ie ooti

aC

Ut~~~ ASMETi aSL Rf

it n 3Xnn~Ij& (A I -s

Y I N

wherv

6 %' tK y N~~
UT-k

Z101



ftr - . . . . . __ ,,W10

3-

a t.

and A-I 6

-~C F Unn n - 0- Ut - H' -'

A~nt

.~ -4 ; : r'i ~ 2 # n n w l ~n3-

x- A

3Ct

Fialyth boe esltcombined: With Jflqs. (-A-&%) and i6- yield- -

F (D' 6 / F', (IY0~ 6q, - - (A-?9)

and

3i
Yx~6Q i A- 3O) -


